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Electron microscope studies of phase transformation 
in erbium oxide films 

U Saxeua and O K Srivastava 

Physios Department/. Banaras Hindu University, Varana8i'221006 (India). 


1. Introduction 

Industrial demand of thin him capacitors for the use in microminiaturized 
electronic components has greatly stimulated the investigations on rare eartli 
metal oxide lilms. Recent investigations have shown that vacuum evaporated 
rare earth metal oxide films liavo excellent dielectric and semiconducting proper- 
ties. Although Several investigations have been carried out regarding the elec- 
trical and magnetic propertio*'^ of those films, studies m relation to the structural 
crystallography, defect structure, the existence of intermediatf^ phases and 
their transformation to other phases, are rather Sparse. In view of the fact 
that physical properties depend crucially on the structure, microstructure and 
defect substructure of the films, it is imperative to study the stnxotural aspects 
of these films. The present communication deals with the structural trans- 
formations in erbium oxide films. In particulai* the phase changes involving 
(i) amorphous— > crystalline, (ii) crystalline— > crystalline, short range and long 
range ordered variants have been studied. 

2* Resnlta and Discussion 

Thin films of oi’bium oxide were prepared by the usual method of thermal evapora- 
tion in vacuum. The films employed in the present investigations had the thick- 
nesses ranging between 600 and 600 A, !Por studying the structural transforma- 
tions, these films were pulse annealed in the electron microscope with a pro- 
calibrated (Srivastava and Srivastava 1976) focussed electron boan^, for durations 
spread over 30-40 seconds. The annealing temperatures employed wore about 
300 and 900^^0. 

The electron miorofloope studies of as-grown films revealed that they have 
amorphous oharaoter. This was evidenced by broad halo t 3 ^pe diffraction rings 
obtained &om those films. On pulse annealing at about 300®C, an amorphous — ^ 
crystalline transformation is found to commence. Figwe (1) exhibits this trans- 
formation. The featureless area represents the amorphous region whereas the 
area orissorossed by the extinction contours, corresponds to the crystalline region. 
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Initially the crystallization is set off at several random nuoieation centres. But, 
once the local crystallization is induced, the exothermic transformation raises 



Figure 1. Transmission electron miorogtaph showing electron beam induced 
amorphous -► crystalline transformation. Th(' Ibatureless region represents 
the amorphous phase whoroas the smTounding att)a crisscrossc^d by extinction 
contours corresponds to the cryetalline region. 


the temperature at tho intorfaco and thus tho cryKtallization boundary propa- 
gates, The crystalline phase grows in spheriiletk^ t’orni (Figure 2) which shows 
that tho heat transfei’ takes place in spherically symmetric mode. This crystalline 



Figure 2. Dark field electron micrograph showing the spheruietio growth Of 
crystalline region in the amorphous matrix. 
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Phase transformation in erbium oxide 


phase has been found to oorrespond to a f.c.c. phase (Figuie 3), similar to that 
obtained by directly omdiaing the metal fibns (Murr 1967, SemUetov e< al 1976), 
with a lattice parameter a = 6-09J:;0*06 A. However, the lattice parameter 
has been found to vary by about 2% from specimen to specimen, which suggests 
that the obtained phase is nonstoichiomotrio. 



Figure 3. Powder dif&action pattern of the f.c.c. phase of erbium oxide film. 

The lattice parameter is found to be a = 6*09 d. 0*06 A. 

In the present case, tbe nonstoichiometry ia thought to ai’iae duo to oxygen 
vacancies. This is so, since pulso annealing of oxide samples in the electron 
miorosoopo is known to produce oxygen vacancies (Bist et al 1972, Brusill 1961, 
Ejima, 1975). Also, since the oxygon ions have a much bigger size than the 
corresponding metal ions, the observed variation in lattice parameter becomes 
intelligible in terms of the existence of oxygen vacancies. The present phase 
can thus be designated as ErOa-. Since both the monoxide (a? = 1) and dioxide 
(a? = 2) and in between phases are known to exist for rare earth metal oxides, 
a?, in the present case probably has the value 1 < a? < 2. Therefore, the f.c.c. 
phase cannot be strictly called as the monoxide, it can at best, be termed as a 
defect monoxide. It is, however, not possible to assign a unique structure to 
f.c.c. phase. Intensity calculations reveal that both ZnS (corresponding to 
ar = 1) and CfJPg (corresponding to a? = 2) give a good fit for the observed inten- 
sities (Semiletov et al 1976). But the existence of the said nonstoichiometry 
suggests that f.c.c. phase is nearly ZnS typo but tending towards fypo* 

When the f.c.c. phase was further pulse annealed at higher temperature 
(its 900*^0), large single crystals grew which revealkl interesting structural 
features. Single crystal diffraction patterns from this phase revealed that 
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boBidefi th& diffrftotion spots irom the f.o.o. phase, intense diffiise streaks also 
appeared. Since pulse annealing is laiown to produce oxygen loss, the diffuse 
streaks seem to represent the short range ordering of oxygen vacancies. The 
diffuse intejisity appears to be ♦situated on a complicated surface in the reciprocal 
space of f.c.c. phase. Analysis of this surface is being currently investigated. 

After repeated pulse annealing for longer durations (about 100 seconds) 
the ordering of oxygen vacancies takes place and the streaks tend to disappear, 
giving rise to sharp suporlattice reflections. Those superlattioe reflections wore 
found to arise from a b.c.c. phase which is nearly identical with the bulk phase. 
Roprosontativo diffraction patterns exhibiting the foiogoing features are shown 
in figures 4 and 5. Diffraction patterns in other orientations also xwealed the 



Figure 4. Diffraction pattern of the single crystal legion of erbium oxide in 
[111] orientation. In addition to the intense f.c.c. spots, the presence of 
diffuse streaks can bo noticed. Those arise <luo to short range ordering of 
oxygen vacancies. 

said characteristics, ft sliould be mentioned heri-* that even after the formation 
of the suporlattico, a small amount of disorder in oxygon vacancies al\^'ays persists 
which is manifested in the hu'm of faint diffuse streaks wb.cn the diffraction 
patterns are taken at a slightly tilt<Ml position. This fact further supports the 
idea that the basic f.c.c. phase is neitlier Zn8 typt^ nor tb.e CaFo type but lies 
in between the two. 

The correspondence between the supeu lattice and the bulk ErgO^ pha8<' 
indicates that the as-grown ErO^. has 1-6 < a; < 2 and when the reduction takes 
place producing the stoichiometry a? ^ 1*5, the bulk like b.c.c. phase of ErO^.s, 
i.©., Er 205 gets formed. The present observations suggest hat the high tempera- 
ture (900®C) pulse annealing produces adequate amount of oxygen loss for the 
formation of the phase with a? » 1*6. 
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It is worthwhile mentioning that the transformations amorphous ^crystal- 
line (f.c.o.) ^ crystalline (b.c.c.) have been observed to occur as a function uf 
film thickness also. The thin films ( ^ 700^0) correspond to the amorphous phase 
while the thick films 1100 A) to the crystalline b.c.c. phase. The films of 



Figure 5. Single crystal diffraction pattern corresponding to figure 4. The 
sharp suporlattice spots are duo to ordering of oxygen vacancies. 

interraodiate thiokneases) lovoaled the presence of mixed phases, in which initially 
the l.c.c. phase appoarwl with an amorphous phase, then individually and finally 
with l).c.c. phase. The heating of the film during their formation is believed to 
bo the cause of thickn<<.«s d(»pondent transformation. This transformation was 
noticed while trying to monitor the transformations througlt the measurements 
of diolcctric projwrties (Saxena and Srivastava 1976). Tho measurement of di- 
electric constant doe,s reveal the amorphous crj'Stalline (f.e.c.) -* crystalline 
(b.c.c ) transformation. These observations lend strong evidence to the pulse 
annealing induced transformations. 
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On some aspects of photoconducting properties of PbS films 
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1. Introduction 

Thin filmft of lead sulphide have boon used as infrared detectors for many years. 
Copious data has accumulated on the methods of preparation, structure and 
electronic properties of the thin films of lead chalcogonides. However, the 
manufacture of the most semsitive detectors is still considered as an art than 
science, and the mechanism of photosensitivity in these layers is still poorly 
understood. The controversy regarding the mechanism of photoconductivity 
has been highlighted by recent workers (Bode et al 1966, Said and ZemI 1976). 
Tt is felt that this controversy regarding the mechanism of photoconductivity 
might be a result of the fact that different investigators actually studied struc- 
turally different films. It was thus considered worthwhile to undertake investi- 
gations on films of known structure prepared under controlled conditions for 
understanding the mechanism of photoconduction in these films. Considering 
the different aspects of the problem a programme (Acharya 1971) of study of 
thin films of lead chalcjogenides has been undertaken in our laboratories. This 
has been apecdfically aimed at obtaining a proper understanding of the electronic 
transport properties of lead chalcogenides. The work reported here constitute 
a part of that project. 

The essential role of oxygen in sensitizing PbS films has boen stressed by 
several workers; the mechanism of photocond notion in these films proposed by 
Petritz et al are also basixl on the same idea. According to majority carrier 
model (Petritz et al 1957) photoconductivity of PbS like films is due to increase 
of majority carrier concentration, the minority carriers created by photons being 
quickly trapj>o<l. It l\as not been possibly to identify the nature of trapping 
mechanisms, although both surface and bulk trapping are considered possible. 
The exhaustive work by Sorrows (1968) load to the estimation of density of 
traps. He concluded that the majority carrier life time predominate in photo- 
conductive process and that the rate limiting process is that of transfer of charge 
from space charge region to traps. Sorrows predicted from the kinetics of charge 
transfer process that for films having particle size less than 0*1 micron the photo 
effect time constant should be equal to the field effect time constant. The 
prediction, however, could not be verified by Sorrows for want of necessary 
information about the particle size of the films used by him. 
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PhoU)Mndv4^Ung properties of Pha fitms 

In present paper we report (a) tlie results of measrurement of temperature 
variation of conductance of photoaonaitivo films in darlaiess aa well as imder 
illumination; (b) studios on a.o., d.c. field effect and photoeffect relaxation on 
PbS samples whose structure are known from electron microscopic and X-ray 
diffraction studies. The rosults confirm the prediction of Sorrows about the 
equality of photoconductivo a!|d field effect timi^ constants, and also indicate 
that surface traps are roaponsihi© for trapping of minority carriers. 

2. Eaeperlmental 

i. 

The films wore prepared on glass substrates by a themical method reported by 
Acharya and Bose (1971). The film thickness was measured by weigliing techni- 
que. The conductance was moaaured using ohmic electrodes of colloidal graphite. 
The conductance of samples was measiired under darkness and under steady 
illumination from liquid air temperature to SWK. A tungsten filament lamp 
was used aa a source of ligJd; the intensity of light was measured using a cali- 
brated Epploy thermopile. T).C. field effect studies were carritHl out with a 
circuit shown in figure 1. The a.c. field effect response and photoeffeet response 



Figure 1. 


to light pulses was measured by a circuit similar to that used by Sorrows (1958). 
The experimental arrangement is shown in figure 2. 

jBxperimefUcd resuUa 

The results of meastiroment of dark conduotanoe under constant light for 
a typical sample are sliown in figure 3. The figure shows log l/R against (l/T) 
from liquid nitrogen to room temperature. 
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The relaxation of oonductanoe change induced by the application of extemal 
iransv^erao electric field for a insensitive film is shown in figure 4. The relaxation 
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Photoconducting properties of Phs films 

ot conductance induced by a tranfivorne d.c. field along with tJie relaxation of 
photoconductivity lor a sensitive sample is shown in figure 5. The variation 
of field effect, and photo elfet?t response as a funetu»n of frequency are shown 
in figures 6 and 7 respectively. The field effeert time constant and photoeffoct 
time constant eStimatcKi })y using the ttxjhnique suggested by Sorrows are found 
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to be 320 /ts and 360 /is respectively which may bo taken as practically equal 
within the limits of experimental error. 
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Photoconducting 'properties of Phs films 

60 to 100 A.U'. hvborsperaed witli minutts giips possibly covered with very thin 
layers of the material. The films in general show^ island strucliiro with consider- 
able fluctuation in thickno,«a. 


3* Disrassion 

Assuming tho basic corroctiioss ol t}\(" jiiodol propostM.1 by r<»tritz et al the resis- 
tance of tJie liiius may b(^ consiclonHl to Ik duo to a largo number of barriers 
between crystallibiS in series. We, liowiwor, assume that eat*li of such barriers 
lias a sliunt patJi. It is then possible under suitabhj assumptions, to show that 
the film eonduetanc(" is ajjpi oximately given by 

1 

^ '■ ^ (^oPo/^po \ (Wpf' ( 1 ) 


where a and a^^ may be (uJiisidiucKl as constants for all practical i)urj)oses, is 
the carrier comu'ntration in the sliunt path matiuial, p is the concentration in the 
grains forming barriens of Jieiglit (f> and /ip is tJie mobility in the grains. 

It can ])(‘ soon that tho <^xporinu»ntal curves of log vs IjT are not straight 
lines over tlie entire temperature range, ft seems that several activation energies 
are involvixl in the condiu.tion process. To a first degree of apj)roximation 
exporinieiital curves can Ik? analysed as sum of two exponential terms, 

£4 E 

(T (TjoC + 

~ (Ti-^(T 2 '. whore cr ^ IfR. (2) 

Comparing relation (1) and (2) we are lead to the conclusion that the conductance 
of the films can Ik» rougldy approximated to tin? presence of hitorcrystaJline 
barriers along witli shunt paths 

Following Petritz tlu? conductance due to barriers is given by 




{O.li +E b) 
KT 


( 3 ) 


whore Eb the barrier lieight botwex^n the grains and 0*11 eV represents the height 
of trapping states (oxygon) above valcncK? band. The shunt path conductance 

should then ac.count for the »second term relation (2). 

The roRiilts of pn^sent investigation tabulated in Table 1 show that Eb is rtxiuced 
by illumination. 

It has boon found that E 2 is priudically independent of illumination although 
cTj is considerably increa.sed under light- The observed increased in 0*2 can be 
easily understood as an increase in pQt the carrier concentration. The oxponen- 
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Table 1 . Effeote of light on the barrier height for a few typical PbS flima 


NTo. 

Amount of light 

falling on the 
sample in W/cm“ 

Particle size perpen- 
Uicnlar planes 

(111) (200) 

Barrier 

-height 

Eb in eV 

87 

Dark 

70 A.U. 

60 A.U. 

Oil 

87 

^ 10 

70 A.V. 

50 A.U. 

0-02 


Dark 

100 A.U. 

100 A.U. 

013 


I I 10 

100 A .l\ 

100 A.U. 

004 

89 

10 ® 

60 A.U. 

60 A.U. 

009 

89 

8 > 10 

60 A.U. 

60 A.U. 

006 


tial I'lK tor oxp( -AyA'jf’) (-an ho causoil )>y tho toiiif)t>rttt,uio variation of tho 

i'a 

(H)ne8])()nding mobility - /v? KT ' otlu^i words tJit* piiotoroiitluctaiujo 

in tlu* Pb8 films studied here can In* oxpJaiiU'd by taking into account both tho 
“barrier" as well as ’ninnber” modulation ineehaniHiiis. The relative pre- 
<loiuinance of' tli(‘ mechanisms being dependent on tfie nature of the sample 
and tomjx^ratmv range. One ol tlie significant results of tlie field effect and 
photf> (effect relaxation studies reporUsl lien* lies in tile equality of slow as well 
as last field effect relaxation constants with those of plioUieffect relaxatum. 
Ill tU(‘ pn^sent work the X*ray study show^s that the particle size dc — 10 ® cm 
is l(rsH than Lu 10^^ cm and for such samples tlie equality of th<‘ relaxation 
time constants of the field (fffisd and pliotocomlnctivity is pmlietM by th(‘ 
analysis of Sorrows (1958). 

Since the last a>s well as slow time (constant for photo-rosponse and field 
(dlfn t relaxation an* ol the same magnitude, same trapping states are likely to 
Ih^ involved in both the eases. Th(» fiekl effect phenomena are known to be due 
to th(‘ (‘xchange of oarriiTS between the space change layer and the surface states, 
(either on the oxidivcrystal interfacre or on the outside siirfact^ of oxide layer); 
W(v are thus led to believe that the trapping st-atos in phot^ocondueting PbS films 
are also to i>e traced to tlie .same i)rigin. 


4, Conclusions 

Tlio majority carrier model of Petritz (1957) with some modification can account 
for mot*t of the experimental reanltH of the present study. The modulation 
of condxiotanee due to modulation of barrier height Eb in Petritz model occur# 
at least for films studied here. The field effect study shows that the minority 
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carrier trapti are really surface states on the oxide-crystal interface or on the out- 
side surface of the oxide layei' 
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1 . Introduction 

fn phot'X'inissioii. pi'ot x-leitroiis ar(‘ einittod due to t}u> absorption of 
pkoton.s i?i iJto soIkL. TIu‘ ^tptu'ai pn»]P‘.r{ifs o{ tbr solid is, thorofore, an impor- 
tant la('tor wluttli (l(^t(Tmin('-S its pliotoefnission. Tlio optuuil transitions which 
lead to photooniissioii in t(io visif)lc fuul n<sir nitraviolot rogions are ossoiitially 
intorlicOKl transitions lu^twinsi flu- valtnnw^ and (umdiution barnls. T}»o transi- 
tion stn^igth wJiich n^flocts th(‘ total riumlxs* ol transitions taking plac(^ ptn* unit 
time is d<‘]H^ndent on the natun^ ol the transitioii. Tliis ean b(^ ealculatod from 
t]u. (.ptiiv-il (M)iisUiit,s au<l ]..(.n(.o il i.s p,.ssil.l(. inf<.r tli<‘ jiatttm of oirtioaJ 

Iransiti/ms from llicii. Tlu. iialun- of tJi,> ojrti.al Iran, sit ion can, however, ho 
lK..st iiiulcrstood with t lic h(‘J]) of j>h„(oclc«-troii .spcct ro.si uj).v 

The juuilialkali 2.i.otocatlio,l,> NiwKShfC.s) i,s liaA’ing the Itigliost ijhoto- 
cnission among tho convcTiti-nial i)l.oto,mhtt,w.s. ft is almo.st invariahly iisod 
ui all (Iovkkvh msing photocmi.ssion. In spit,, of its wi<lo, spread ajiplication. tliero 
has )H.„. l.tdJo ,nv..,sUgati.m into the physi.al processes wldch. give rise to photo- 
mnissKm, This paper .loscrd,c,s onr iincstigatioi. relating to the optical pro- 
pirties a,„l transition.s i„ .sm-h phetocatliodes. ^ 

2. Experiment 

Wy hi^rh .seiLsitieitv phetecath'xies 'too i„ , 

a t<vhnifi„.. ,1,1. I 1 I- • ’ •'^'h)/<a,lni) have Iwnm proco-ssed with 

i. - 

••osium in high vacuum (in * t,„.r) Tiie i,lu t 

of thin film „t) a edas r , , , I>l»"t'>oa1hode m prepared in tho form 

they were proce.s.swl in ^ of optical proporties, 

cathode. This was , arrii^fl (, f -fv n reflection values of the 

photometers respectively Tl, T t' 

roal and imaginary parts of oomrl r i '^hows a plot of the 

OUL.W „ »1>" '9681 W., i. .J- 

u 
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Figure 1. Plot of real {ex) and imaginary part ) of complex dielectric 
constant Vs. photon energy. 



Figure 2. Plot of relative optical transition strength Vs. photon energy. 

For moaaureinont of rofioction and transmission at low teniperaturo, a 
cryostat of cold fiiigor tyjK) was constructed. A copper block which a.cted as the 
cold finger was dipped in liquid nitrogen to get a temperature of 90®K. Light 
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was passiHl tlirougli a small slot in tin* coppnr block (figure 3) to measure toana- 
misaion values through the catliocie. 



A GLASS WINDOW 


C PHOTOTUBE 5 Cp 

E 1 mm DIA. SLOT p 
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' '■'^2 j pQ 
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Ficon 3. Schematic diagram of the cryostat. 


H O RING SEAL 
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hetter than 176 MeV. Tk- lower limit 11!.***" T' " 8 p<»troin©tor was 

multikWi photeathocl™ i„ a „„all r.„g„ p^m *“ 

3. RMolta and diacnasion 

The plot of optical transition strength against nhot 

a. ...w „t .w„ p». 3 * „;n vr: zr/zt:: itz 
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at a valuo ot about :J0% of the higher peak. A fast rise in the transition strength 
after a photon onorgy of about 2-3 eV is seeir. A sharp rise in transition strength 
and, many •stn.tcturo.s in the ultraviolet r<‘gion atiggoats tJiat the transitions might 



ELECTRON ENERGY IN eV 

Figure 4. A few energy dietributioii curves from multialkali photooathodes. 

be predommantly direct in nature (Eden 1967). The iiidireot or photon assieteil 
transitions ai’o imlikely to hav(^ any aignifioant contribution in tho ultraviolet 
region whera absorption is very high. But non-direot transitions may have 

8 
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cousidorablc contribiitiou as had Wi observed in CsaSb and CSgBi (Wooten 
1973, Derbomviok et al 1974). The proaonco of indirect typo of transition is 
more probable at longer wavelcngtlis, particularly in the threahohl wavelength 
region of ijhotoenilssion. ff tlu' indiiwt typo of transitions aro present, the 
probability of siicli transitions would dtwroase by a factor of 3 or 4 
at low toiuiwraturo of about 90°K (Spicer 1963) due to reduction of phonon 
donsity. 

TJio moasurtiiuout of roilocfciun aaid trau^iiiiaisioii was made in the oryoBtat 
holli at lo^v and room tonii^oratim^ The absoiption at room tempera- 
ture was eomparod to that at 90°K. Tlu’ absorption constant at low tempoia- 
ture lemaimHl coii‘3tant within 1% of the value at room temperature which was 
tlie limit ol’ accuracy of the measuremont. Therefore, it cfould bo concluded 
tliat the indirect or phonon assistcnl transitions were not liaving significant 
contribution in the intorband transitions in tliis material. 


The iJiotoeloctron spectroscopy was used to know wlu'ther non-direct 
transition is liaving any signihoant contribution, ft arises diro to localisation 
of the photogonorated hole in the valence band such that tlu^ assex-iated wave- 
function would contain all fc’s if Bloch functions aro used (Spkfcr 19t)7). In 
such transitions, some ot the structures in the tuiorgy distribution (uirveH such 
as peaks, shoulders, dips etc. which are obtaiiuKl with a particular photon energy 
would move in the energy scale when the xihotuii energy is ehangocl. The shift 
in the position ol the stnictures in the energy scale would be equal to tlie eliang(» 
ol photon energy il the stnictureSgaio duo to the t‘ff(x;tiv<^ density of states in tlio 
valence band. This is called the equal iiicroment rul<» (Berglund and Spicer 
1964). On the otlier liaiid, if tlie structures are due to the effective density of 
states in the eouductioii band they would remain fixed at one position in the 
enoigy scale and Avould not move. This is so because the conservation of crystal 
moiuontum is not an important selection rule and only the effective density of 
states determines the energy distribution of the photoolectrons. 


It tlie position of peaks, shoulders, valleys etc. ate plotted against photon 
energy, the atruotures due to valence baud would Ih) parallel to E = hv hne and 
those due to the conduction band would appear parallel to Av axis for non^direot 
tiaiuation«. 11 the transitions are of <lirect nature, none of these would ho 

^ "»1 '■Jl.y pcition. obMiMd 

aiismg due to electron-electron seattoriiiL' of tbn h!„h . i x « 
other structure showed the bcliaviour oxnoctert f +v ^ ^ electrons. No 

tiom. it could 

ta multtaikaB pbotoouthodc „„ ot dirlct „.tur^, oocurrm* 
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Figure 5, Plot of peak shoulder and valley positions in energy scale Vs. 
photon energy. 


4. Gonclasionsr 

The .study of th(^ optical prop(»rtie.«* of the high sensitivity inultialkali photo- 
cathode suggo.sts til at tin*, interband transitions between the valence and conduc- 
tion band is of direct natur(^ Comparison of optical abaoiption at room tem- 
perature to that of low temperature at 90®K showed that the indirect transitions 
do not have any significant contribution. Finally the direct nature of transitions 
is confirm(*d by photoel(‘ctron spmrtroscopy. 
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Magnetization density of Fe+^ in KFeF# and RbFeFs 
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Department of T*hysica, Indian InHtitiite of Teohnology. Kanpiir-20801C. 


1 . Introduction 

Tho neutron magnetic form factor offorK a dire(?t means of obtaining a detailed 
picture of total magnetisation density distribution due to unpaired electrons 
of tho unfilled 3-d sliell of a transition metal ion in a crystal. In the present 
work, this quantity has been tliooretieally caleulatKl for Fo+ ^ in two of its com- 
pounds, namely KFeFg and RbFeFg. Hal][>ern and Johnson (1939) derived 
an expression tor magnetic form factor in ease of magnetic moments du^^ to 
electron spin only. Trammell (1953) extended tho method of Halporn and 
•Foluison for tho cases whore tho orbital moment is not completely quenclied. 
I he Trajiimoll approach, which emphasizes tho Fourim'-Tiansform like tnlation- 
slup betwecm form factor and charge density distribution of magnetic fdectrons. 
has been used to consider the effect of unqunched orliital magnetic moment in 
those compounds. This approach lias been prcJerrc^l to a recent approach <d‘ 
Johnston and Rimmer (1969) which is more amenable- to computer calculations, 
du^^ to its simplicity and straight-torwardimss in (uise of unpolariS(xl neutron 
scattering from uniaxial magnetic spin distribution, as in the cas<^ of these 
compounds. 


2. Spin structure of KFeFg and RbFeF, 

■Both ttjul liavo p<>ioA Hkito sfTniotuio (Daviclwt.n el ul 1973 ) with 

(II )i(, sac angft of KF,, or ItbFg Jay('rH and oetaliodral anion lioles fillotl by Fc'* + 

iTth Th^ symmetry cjccur at N’eel Temperature for 

unit coll is fraction studies for both materials indicate that magnetic 

ordering is of G t^"' l ««>ti-ferromagnetic 

both cases n. • r ^ i^oareat neighbour spins coupled antiparallel. In 

In KFoF n develops a domain structure when cooled below 

^ KFoF,. neighbouring domains have their distortions along different < 111 > 
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direotiona and all <111 > diatortious aie equally probable. In RbFoFj spina 
ar® in <100> direction. 


3« Theory 

The differential scattering crosa-ieotion for elastic magnetic scattering of un- 
polariaed neutrons in solid angle dfl is (Halpern and Johnson 1989) 


d(T 

dCi 


\ me* / 


S 

w 


Y, 

n 


iK.n ^ , 

e < g 




( 1 ) 


wUoro t q > »iid | q' > aro initidfel and final HtatoH of the cryKtal leaving daiuo 
energy. /C — k — k' tho diffeienue botwcwv initial and final wave vectors 
k and k* of the neutron, Pq Is the probability of the state \q> being occupied, 
n is the latticfi veijtor and y -- — 1*91 is the gyromagnetio ratio of th(J neutron, 
the interaction of the? neutrons with the electrons of the ions at the site n 
and IS given by, 

T^^KxQ^xK ( 2 ) 

wliore 




and Wo have, 


/(Kr,) = 2[|- (.»!^)] 


(4) 


tK.rJ 


Ij and 8j are tlie oibital angular monientuin and ^*pin respectively ofthej-th 
electron of the ion at the lattice site n- 

4. Derivation of form fai^tor 


Wo assuino that j the wavt> function of the magnetic unit cell, can be written 
as a product of state vectors referring to individual ions (Heitler London approxi- 
mation), i.c. 

|?> -= Ui >l?a>l?8> •••k8> 

Tlie inagnotic unit ( (‘11 ma 3 " Ik^ decoiupost^d in two ferrojuaguotic sublattices with 
spins along <uui Z directions. Since each sul)Iattice unit cell consists 
of four atoms Avith parallel spin, eq. (1) reduces to the form, 

) sin* c) I < 1 Q I > I * ^ni{h+k+l) 

a£2 ' wr* / 

(«) 

where ] ground atato wave function of Fo+-^ in KFeFg and at is 

the angle between K »nd Q at K — C. reciprocal, lattice vector. Q ia given 
by eq. (S). 
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Comparing (6) with semi olaaaioal expression of Van Laar (1968), the magnetic 
form factor is given bv, 

5. Calcalation of form factor 

(a) For J'e++ in KFeF ^ : — 

TJ»e ground staff* wave function for Fo++ in KFeFs is given by (Davidson et al 
1978) 

^ 0-922I JV, - 2, Me - -1 > -0-371 1 J/, = 1, 

Me = 0> +0-116 1 Jlf, = 0, Jlf« - 1 > (8) 

wlion triagonal distortion is neglected and the; structiu-e is asstuued to be cubic) 
Transforming the pseudo angular inoniontum eigen functions in (8) to *D state 
functions (Mahendra and Khan 1971), we get, 

0.371 

> = ^0-922\Ms - 2 , - 1 > 

f0ai61M^-=0, --1>. (9) 

(i) Oalmlafion of f^pherically symmefric part : — 

Exprossinpf tlio right Juinrl side of (9) in terms of one electron wave functions 
(Appendix C of Mahendra and Khan 1971), we calculate (7) for Qz only, since 
Qy, and Qy do not contribute to spherically symmetric part of the form factor 
(Mahendra and Khan 1971). Simplifying, we got, 

/f.++ (X) - 2-2^ 2 1 2 > J 0-492 < 1 1 1 1 > +0-456 < 0 1 

iK V 

« • |0> +0-416 <l|/(X.r|l>] (10) 

Using n-Sfilts of Appttndix (E) of Mahendra and Khan (1971), for 
<<im\e I dwi> and < dm \f(K.r) | dm > , 

WO have, 

fFe+HK) - j [1-824 <je > +0-415 < g, > + 1 (6ff)i/*I/20(0-848 </,> - 
0-416 < gj > )+ (ff)on/40(l-644 < j^ > -l-ew <(y4>)] (H) 
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Retaining only spherically symmetric pai-t of Yjm {K), wo get, 

/pA+(#C) = 27^ U-824 <j„ > -0124 < > +0-264 < > +0-415 

(<ffo> -m <g^> )+0-366( <gz> -3/4 <gi>)] (12) 

Using relation between <gjr, > and < ji,> 

L 2 

< y£_i > - <gLn > = ^-qrj <jL..i > + <jL+i > (13) 

We get, 

/p«®+-t- = < jo > +0-309 < ja > +0-277 <Jt>. (14) 

Using Watson and Freeman (1961) values of for Fe ' "' , /pe'®^++ is plotted 

. . Sin 0 . 

agamst -■ along with the free ion form factor <. jo '>• (figure 1 
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(ii) OahtiUUion of the 'iion spherical part ; 

Both < I Qx I I Qv I > which aio completely 

iKjii .sphorioftl a«ro ov^aluiitod. <C ^Fe\Qz\^Fe\ ^ ftlf^o hfltS a> non Bpherioftl porrt 
whicli is obtained by .substituting cubic part of Yi,fn(K) in (11). It turns out 
that tile* jion-spherical i>art is ^wy small ho that the magnetization distribution 
in this case is almost splierical. 

(b) in EbFeF^ : 

In case oi RbroFa, the giound state Avave iunction is given by (Wertheim 
et al 1967) 

I > - 0-774 1 2, — 1 > —0-547 1 1, 0> +0-316 1 0, 1 > (15) 

A sunilar calc-ulation oaiTiod out with this wave function yields a spherical form 
factor, 

- < jo > +0-186 < jg > +0-219 < j4 >. (16) 

Tliis is also plotted iigainst - along with the fnx) ion form factor jo '> • 
Hero also, tho non-spliorical j)art conios out to bo negligibly small, (figure 2) 


C\J 



Mognetic Form Factor For Fe++inRbFeF, 

Figure 2. 
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Magnetization density of Fe++ ete. 

6. Collclaf^ioll 

The theoretical curves in both those oases exhibit an expansion of il\e form factor 
(i.e. a contraction of juagnetization density) as compared to the frt'o ion cum* 
when the orbital effect is included. The experimental cur\’e in case of KlWy 
(Scatturin et al 1961) shows a contractit>n of about 10% ifom the fiw ion e^l^v<^ 
whereas it almost coincide witli the < jo > curve in KbFeF, (Franklin d al 1971). 
In case of sotiu^ similar compounds of otlu»r transition metal ions (KC'oFg and 
KNiF^) the authors have shown (SHarma and Khan) that inclusion of t)rbital 
part exxdains a i)art ol tlm difference between the ex]jerimental and th(M)ieticaJ 
form factors. In case of Fe++, liowever, it seems that covalency, tJiat is tlu* 
sharing of electrons betwinm metal j^ii and iigand F* ions plays an im 2 >ortanl 
role and makes a like negativ*) (contribution (Fn^eman and Eliis 1970) to 

the form factor. Calculations for tjui inclusion of tlus covalency effexd are in 
progress. 
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1. Introduction 

III alkali halidt^s, tho F-vAmiow consisting of an olindrou trai)ped at an anion 
\'acan(*y, has a very higli local syinnictry. Ckinsoquontlv, the oxoitod stato (2j>) 
(lo(‘S not split. How(A"oi*, in tho prosonco. of othor dofB(*t(s) in iho vitdnity, tbo 
syiuiiiotry is cunsidorahly lowort'-d heading to splitting of tho oxoitod siato. In 
siKili casos tlio Px, Pu and ^>2 functions arc orioiitml along th(< principal axos of tlio 
crystallino oloctric gradii-nt tousoj-. Additivoly colourod alkali halidos, 

wlvon opii(!ally bUniduHl with J^-ligl\t, givt' riso to F zi band. Tbo oonstituonts 
of th(^ (}(4nt<^r Responsible for this hand art^. an F ctuitor, a suitablo divalent substi- 
tutional cation impurity and tho associatod chargo compensating cation vacancy 
(Radlxakrishna and Chowdari 1972). fn tliis paper rc'sults of a calculation of 
tho E E G tensor at thi^ •f’.i ek^'troii site in (‘osium chloriih^ are J'("portod. TJiroi^ 
difforont inodtds of the eontc^r are considon^il. F center is taken as tho origin in 
all tJioHo models and th<‘ cor rt ‘Spending x>ositions of the impurity and tbo vacancy 
are as follows ; 


M odd 


Impurity 

Vacancy 


1 

1/2, 

1/2, 

-1/2 

1/2, 1/2, 

1/2 

2 

1/2, 

1/2. 

1/2 

1/2, 1/2, 

3/2 

3 

1/2, 

1/2, 

3/2 

1/2, 1/2, 

1/2 


2. Theory 

T-iio contributions to the field gi adiont <ioiuo from two sources : thti chargoa and 

th« eff« tiv,» around tlio undor eoiiKidoration. Tlu* offkdivo (lipolos 

at tho rcajXHd.ivo lattice points are given bv 


f^ef/eHive - {effective charges) (1) 

wl»„ E i. tlu. elooWo M,! fr„,„ „„ighhou,.i„g .hw,!* Mid oOfectiv,, 

rlTrr "f l™ « field point. Tin, 

«en,ponentn el the eleet™ field .t ,, pein, p, ^ 
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Impurity slates in ionic crystals 

at (0, 0, 0) and duo to an ideal point dipole m at (0, 0, 0) are given by (Boncher 
1962) ; 

jp charge e ~ ; ( 2 ) 

■r® 


j£jlipole _ , 


3x*- 


m 


» 1- 


3a;y 




Zxz 




( 3 ) 


with Hiinilar exprossiotiH for the )/- and 3 -ooinponents, when» r — 

The eoinpunenls of tln^ E F G tensor art; obtained by differentiation t)l' 
eq. (2. 3) MO that 

' <5^*,% ^ qvt- <‘te. (-1) 

'J’lie genertd formulae < aii thuK be written as follows ; 

(’iintribution ot eharges ; 

-- -3w//V». (5) 

Contribution of dipob^s : 

(jj^y (xwy \~!ffiiy)— ^ 

Cyclic jXTiuutation of z tbo other coiupononts. 


X Calculation 

The main featurt'S of the ealculatious are aehematieally shown in figure 1. The 
Fn electron sitt; is ehostui as the migiu. The coordinates of all tho lattice points 
niside a sphert^ (.4) of ratlins 21) A centered on the origin are reprotluctMl. Asso- 
ciattsl with each lattice point are the c-harge and the polarisability of the res- 
pective ion. At all the sites insidt; a sphere {B) of ratlius 10 A centered on the 
origin, the inductsl dipole moments due to all charges inside a sphere (C) of radius 
10 A centortnl on that point are calculattHl. Using those* values the induced 
dipole moments at lattice points inside a sphere (D) of radius 6 A, centered on 
tin; origin, due to the dipoles inside a sphere (E) of radius 6 A, centered on that 
point are calculated. With the new values for tho points inside tho sphere (i>) 
and the old values for those inside the sphere (B) but not in (D), tlve induced 
dipole moments at points inside the sphere (I>) are recallmlated. This cycle is 
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f.-]Krtvt.a uiUJi tli(' di^siivd tK^ouracy hi obtained, tl’.at i», the vahiea obtained in 
<)iu» cx-ck^ difler from lUoac in tlio proooding cyde by less than a suitable chosen 
value ( — Kl calculaiinii). 



Figure 1. Sohomatio (liafTrain shtuvinp: the TTmain foaturos of iho calculation. 

Now u'o lia\ o a splKirioal lattioo of radius 5 A and (•(^nt(^ri>d on tho Fzi ol(Hd>r()n 
suvli tliat of ib.o lailica* points insid.o tl\is sphore i>s charaotorizwl by its co« 
oi<linaf(‘;S, (rha;'g<^ of tb.o nrspvitivo ion and (lio effeetiv'e dipole inoni(»nt. Tlu^ 
(;o/it ril)u< ions of tfio (rliarg(‘,s aiid of t]u> offoetive dipolos to K F G aro soparatoJy 
ralcuIat(Hl aiut ad.dod u.j). TI\(^ matrix uornssponding to the E F G tensor is 
diao’f)TiaIiz<»(l by a unitary < ransfor’ination. TIu» nunnu’ical calculation is carriexl 
out using IBM . 370 / 155 . 


3. Results 

11\<' of tb.,^ syinnietrio soi.ond rank matrix is forxnd to bo 

y-iro. 'J’l..,. cunipononts of q, oifr^-nvalnos and eigon v.Hjtor matrix aro listed 
cd)l( 1, foi C's( 1 ioi tl>c tluoe models. The oigon values are presented in the 
.loc, easing orrlor, a.ut represont tho principal values of g. and tho columns of the 
mgonvoc.tor matrix givo tlm orientations of tho principal axes with rt«pect to the 

crystallm,. «, k. c axes. The order in which tlm components of g are presenttnl 
in Table 1 is as follows : ^ ^ i 


Qi 


'L-y- fj-i -- (J^y g., =-- gj,j,; 2, = q^ ^ ^ 


( 8 ) 


Tl,„ la, tic. uk.,, r,„„, Un,,„lt.Bo™tein (1923) T.l.k,, Th« 

r.»u.„, Kahn a„„ »u,.|,|.,,. f„, 
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ions are used. Tho value of tho polarisability of the trapped electron is assumwl 
to be that of hydrogen atom (== ()-67) (Molekulstruktur (1934). 


Table 1. Elements of the q tensor (gi, .... ge)» the principal values 933 ) t 

in units of 10^^ esu, and t|ie eigenvector matrix for CsCl for different models. 
The impurity is Ca^^-. 


Mo^l 1 


9i 

=s 

000298 

ga = ‘ 0-00391 

$9 

= 

-0-00138 

94, 

= 

0-21612 

gs - 0-21785 

9c 

=- 

-0-00169 

9xi 

=: 

0*30773 

g^o -- 0-00308 

9C3 


-0-30464 



0-60301 

^0*71166 



-0-49067 



0-60212 

> 0-70269 



-0-60421 



0-70.345 

/ 0-00730 



0-71070 




MoJ^l2 




9i 

= 

0-00272 

qrj, = 5^0-10334 

9’a 


-0*00168 

9* 


-0-10998 

g^ = ^0-10537 

9c 


-0*00103 

9ii 


0-11084 

722 - 0-10164 

9a3 


-0-21249 



-0-70678 

0-41341 



0*57405 



-0-01326 

-0-81907 



0-57363 



0-70730 

0-39775 



0-58439 




Modd 3 




9i 

-= 

0-00277 

ga = 0*10706 

9.i 

== 

-0-00077 

9a 

==: 

0*10426 

75 = 0*10798 

9ii 

= 

-000199 

9n 


0-21289 

g,,2 = -0-10326 

9aa 


-0*10964 



0-57959 

-0-79762 



0-16692 



0-57982 

0-25971 



—0*77224 



0-67260 

0*54437 



0-61301 


4. Discussion 


In all iho modols tJie sitt^ undc^r invostigaiion possosses a mirror -piano Hymniotry. 
However, when tlie efford of inditcod dipoloH i.s ineln.dcHl oven this Hymnietry 
vaninhea. If oontributi(^n of charges alone to q wore taken, one of tlio principal 
axes is found to bo pc^rpondicular to tl\e mirror plane with the other two lying 
in the plajio. Yor qtotal ^to such axis or could bo identifiwl. 

This program can be adoj^ted for the calculation of E F G at unpurity sites 
in ionic crystals. Following a reaent report (Radh akrishna and Cliowdari 1974) 
on the observation of centers in (‘osium lialidos, the results of the present 
calculation are being mad(^ use of in cakmjating the energy ksvels of fzi (jonter 
in cesium halides. 
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Effect of D. C. biasing field on the dielectric constant of 
rutile single crystals 

A iSulifiiJiiii'Miyjiiii, K R‘1’" ''■’lit H ^ Bnsi! 

PhyMics Itepai tinoni, Ituluvn Tn«tituto of Technology, Kharagpur. 

.Abstract. This paper reports the results of measurements of the effect of 
,l c biasius' tiol.l on the dielectric properties of rutile single orystaU in the 
frequency range of 10=-ld’ Hz at 30“t' an<l OO^C. The dielectric constant K 
of rutile crystal at llO’C along the C axis docroases from 140 at 10® Hz to 88 
at 1(1“ Hz boy.rnd which it is found to bo frequency independent. The value 
of K remains practically nnehanged when the crystal is heated to 80"C. The 
frequency dependent part of the dielectric constant obtained for comparatively 
low frequencies ih obviously duo to space charge polarisation. 

Dielo( 5 tric constant of rutile at room temperature inoreases with the biasing 
field, shows a peak around 75 V/cm and then gradually decreases. Though 
the d.c. fiold coiToapondiiig to the peak apparently does not change with the 
frequency of moasiiremout, the K values are considerably frequency dependent 
at any given biasing fiold and doeroasf' appreciably with incx*easmg frequency. 
Moasiirorneiits on the offoct of raising the temperature of the crystal to 60®C 
show that th <3 biasing field for t he peak value of the dielectric constant decreases 
to 50 V/cm; the values are lower in this case compared to their corresponding 
vttluo.s at room tcrnjxirature. The results can be explained in a general way 
by assuming barrier formation duo to space charge layer on the surface of the 
crystal. 

1. Introduction 

Th(' otToci of oluu'gc liidils on lln^ (Uolojtrut proportio.:^ of barhan titanatit 
crystals liaslxH'ti studiixl to sonio oxUuit (Drouganl and Schlortfioi* 1961, Jona and 
iShirauo 1992). Application of a <l c. fiold i,s found to afflict tho,so Spauo charge 
lavors coji,sidorably liocoiil stxidh-.s carri<‘d out in our laboratory (Gon 1975, 
(Ion cJ al 1975) on tiic iTiHiuMtco of d.v. ]>iasing fiold on tlio <lmloctric proportion 
of )>ariiiin titanati^ crystals at ddTorent froqttouoios and toni^) >"itturoJi have iudi- 
cat(Ml the possibility of n^ing tills as a inothod of in\ t^siigathig into the behaviour 
id .spac(‘ cliavgi' Icivis's; tko ofUvt Ixdng itomparativoly pronounced in crydtals 
ol liigli ditdivdric constant, it is con.sidonsl worth while to study «uoh cry.stttlH by 
this nndliod. Tlunigh soiiu? work was rcpf>rted on tlio study of dieiootrio pro- 
jxM'tios of rutile single crystals (Von Hii)pel 1965, Lai and Srivastava 1969) (a 
Solid with a dielectric, constant of H8), the influoiice of d.e. biasing fields on thoie 
preputies has not been studied Well. In the presimt paper ai^e reported the 
30 
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Dielectric constant of rutile single crystals 

results of measurements of the effect of d.c. biasing fields on the dielectric pro- 
perties of rutile crystals in tlie frequency range of 10^-1 Hz at 30*^0 and 60°C. 

2. Experimental 

The samples of rutile single crystals used in the present investigation were grown 
])y flame fusion mc^thod and old-aiili^l as gift from tlie Laboratory for Tn«?ulation 
Resoarcli, Massachusetts fnstitute .of Technology, TJ.S.A. FJamo iihotomotric 
jiieasuronumts and chemical analyiis (tarri<sl out on these samples sliowinl the 
impurity concentration to be l(^ss tjian 3 ppju. Tlu? (uystals after grinding and 
polishing l\ad approximate) dinienipons of l*5xlx0‘15 cm®. Silver paint was 
applied for eloctrcKles on either sidc^^of the samples. 

The dielectric jneasurojuents wore taken on a GR 716 type (;apacitame 
bridge in the frequt)n(ty range 10® to lO* Hz (Westp])al 1963), and on a Maiconi 
Circuit Magnification Metn^ tyj)o TF 329G in the range Hz using the 

resonance curv(> principle (Rao 1961). The accuracy of tlie measurement in the 
diel(HJtru; constant is 2^^. 

The sample holder usi^d in the present investigations (.onsisbxl of f}\rw 
X)lates, one above tlie other, D.C. field is ap^died across tj\(‘ top and the bottom 
jdaios, tile samide being iiudiided between the ccmtral and the bottom plate. 
A mica sheet i’ully (jovered ihe region between the top and tlie central plate. 
A dry battery of 90 V w as uschI to apply the biasing field. Thc^ voltage across 
the sample could bo easily measunxl externally and the d.c. field calculated. 

TJxo temperature of the sajuph^ was raistnl by x)roper blowing of Jiot air 
on to tho arrangement 

3. Resfiilts 

The dielectric constant K of rutile crystal at room temperature (30 '^C) along 
tho c-axis is shown in figui o 1; K dtxjroasos from 140 at 10® Hz to 88 at 10® Hz 
beyond which it is found to bo frequency independent. The value of K remains 
practically iinoliangtxi when the crystal is heated to 6()°C. T\\o dielectric loss, 
tan #, is found to bo loss than 0*002 beyond 10® Hz (it was 0*005 at 10® Hz); as 
such, )io effort was made to pursue the study on dielectric loss. 

Diekxjtric constant at 30”C and at 60°C as a function of d.c. biasing field 
at differcTit frequencies is prosoutod in figures 2 and 3 respectively. K at room 
temperature increases with the biasing field, shows a peak around 76 V/cm and 
then gradually dooreases, TJiougli tho d.c. fiekl correspondijig to the peak 
apparently doe»s not change with tl\e frequency of measurement, the K values 
are considerably frequency ditpendont at any given biasing field and decrease 
appreciably with increasing frt>quency. Measurements on tlie effect of raisirig 
the temperature of tho crystal to 60^C allow that tho biasing field for the peak 
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value of the dielectri(i constant decreases to 60 V/cin (at 10® Hz, this value is 
higher); the K values arc lower in this case than the corresponding values at 
room temi»orature. 



Figure 3. Dielectric constant K at eO^O of rutile single crystals as a function 
of d.c. biasing voltage at different frequencies. 


4. Discussion 

The dielectric constant of a niaU^rial is composed of four tyiKW of polarisations : 
electronic, ionic, dipolar and spaco-charge. At low frequencies all the four con- 
tributions are present. In fact, th<. nature of the variation of dielectric constant 
vvith frequency indicates the nature of tho effective polarisation for the material. 

The space oliarge contribution will doptmd on the purity and porft>ction id 
the crystals. Its influence is nt^gligible at very low temperatures and is notice- 
able in the low frequency region. The dipolar orientational effect can sometimes 
bo seen in materials ev.m upto 10“ Hz. Tho ionic and electronic polarisations 
always exist below 10^® Hz. 

Recollecting our data wo may ascribe the larger values of the dielectric 
constant of rutile crystals at low frequencies to space charge polarisation due to 
crystal defects (Rao and Smakula 1966. Agrawal and Rao 1970). However, 

6 




34 A Suhrahmanyam, K V Rao and B B Bose 

the conoontration of sucl) defects is apparently low aa evidenced by the moderately 
low dielectric loss values. 

Tt appears possible to understand the present results in a general way by 
{^liming barrier formation due to space charge layer on the surface of the crystal. 
The resrtts s(v!ii t > suggo.st that umt c d.ii. biadng fields, the loe,'’.oly bound charge 
carriers an^ frwxl and augment the space charge lay<yra already present on the 
surface of tlu‘ (irystiil (<lue to the (hdeots initially present in the crystal). Tho 
barrier thus fornu'd stH'ins to roach, a critical height around a certain biasing 
field; beyond this, th(' charge cari'iers inay cross over the barrier and reduce its 
effef!tiv(» lu'igbt, heading to a (bvcrc^ase in dielectric constant. At elevated tem- 
perature.'' (for example, (iO' C), tlie loakagi> of charge carj'iors across tho barrier 
bt«:onu)S jiiort' prominent. Our ixy.'iultH swm to indic'ate that such leakage not 
oidy d(v;reasos the K values at 6(h’0 in comparison to tluy corresponding values 
at 30“C but also brings down the d.c. biasing field for tlx' critical bciglit of tho 
harrier. 

Further work iu progress ju»w on tJiese crystals, it, is expected, will throw’ 
considerable light on the nature etc. of the space charge layers. 
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Stage 111 recovery in neutron irradiated tungsten 

M S Anand, B M Patido and R P Agarwala 

Chemistry Division, ^Ijiabha Atomic Research Centre, Trombay, 
Bombay-400085. 


Abetmct* The recovery defects in well and partially annealed tungsten 
has been studied using electrical resistivity technique. The irradiation was 
carried out at reactor ambient temperature (^343 K) to a fluence of 1 x 10'® 
n/cm®. The isochronal anicealing studies of the defects show a III stage 
recovery at 0*17 T«» (T^i is the melting point of tungsten). The recovery 
in well and partially annealed timgsten samples was calculated to be 130/tD cm 
and 250/t Cl cm respectively. The greater recovery in partially cmnealed 
samples conforms to the intrinsic defects migrating in this stage. 

1* Introductioii 

Tile transition metals like tungsten, molybdenum etc. ai*e technologically 
important. Study of defects in these metals is necessary to understand their 
effect oil their mechanical properties. The defects introduced by neutron irra- 
diation or cold worldng anneal in fixed temperature ranges called the stages. 
There is a general agreement for defects migrating in various stagi^s except in 
stage III which has been assigned either to intrinsic defects (Schilling and 
Sonnenberg 1973, Goedeme et al 1976, Stala et al 1972, Keys and Moteff 1970) 
or interstitial impurities (Ruscuifield 1964). 

Present study on recovery in stage III of neutron irradiated tungsten has 
been undertaken to investigate the natiue of the defects migrating in this stage. 
Tungsten specimens having different dislocation densities have been irradiated 
to a fluence of 1x10^® n/cm® and the effects of different defects concentration 
on the stage III annealing has been discussed. 

2. EsKperimental 

Thin foils of 99*98 wt.% tungsten* were prepared as reported ear her (Anand 
et al 1978). The samples were annealed at 1973 K for 2 hours in vacuum of 
10-® ton*. These samples are callt^ well annealed samples. Some of the samples 
were annealed at 780 K and 1200 K for 2 hours to get different dislocation 
densities. All these samples were irradiated to a fast neutron fluence of 1 X 10^* 
n/om* at a temperature of 343 K. Isochronal annealing of the samples was 

^ Supplied by Fansteel Metallurgioal Oorporatiou, XJ.S.A. 
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(!a.irin(l oiil iwiiij; n constaut liwiting rate of 4() K/hr. in the tomperature rango 
of 373-800 K iw <lc.sciib<Ml oai lior (Pando et al 1975). Figiiro 1 sliows the p 



(it'SiKtivity of tin- .samplt<) v.s T (t<>miH«tatui„) for tl»t< IhrtH* ttamjrles. Tho 

(lorivalive plotH( v.s 7'] aio givoi. in figiin'.s 2 aii<l 3 for woll aimoal.xl and 


780 K amu-alwl .sainiilv. Tiwsio is a oloar jxiak around 0d7 7'fl, (whom ix 
iJwf nioltiiig point ol ( iingston) Tho Isothoi'iiial anuoaiing of tho irraciiatod Haniplm 
lias also Ix-on carrhsl ont in tho tominwatnro rango of 613-033 K to find tho 
migration omsgy imai' (Im poak tonipcratiiro. Tho migration oiiorgy (Goodeine 
1971) has h(t.m caiculutcsl to bo l'69J_0-25 eV. 


3. Discussion 

In tho pmsont stmlios, it is obsorv.xl that tb.o rosistivity in partially anneal«i 
samplos (annoahsl at 780 K) is umro .-omparwl to tho well armealed samploa. 

.nvovor tlio rooovory n. tho .samples aniioalisl at 12(K» K is loss than that of 
Uio samplos am.oalsl at 780 K but groat, or than tliat of well anneal«l samples. 

ob.servition maO I' r T i partially aunoai(<i samples Ls similar to tho 

in mobvbd im Ti' ’rT”' ^>y al (1973) 

than in well a:,; - higher 

that in „ , • 1- . ! ” ^ 

rip^rr;, IJ 

p ouKt tioTi at the reactor ambient temperature. 
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A number of investigators assign stJ^e [IF annealing to the migration of 
intrinsic defects (Schultz 1969), on the other hand this stage is also soniotinn^ 
referred to arise due to the migration of interstitial iinpiu ity lik(j (?arbon. (Carbon 
lias migration (rtiergy close to the migration energy of the defects migrating in 



Figure 2. The derivative plot for the well annealed sample. 

stage £ir (Fujita and Damask 1964). It may Ix^ jKnnUnl out tluit total inter- 
stitial impurity content in the present study does not ex(‘m\ 3*6x10 ^ at % 
oven if it is considered that all impurities present are interstitial. Taking 
2*6 fiQ cm/at % as a reasonable value for the resistivity ineroas(‘ in tungsten 
for the impurities (Schultz 1969), tlie total resistivity contr^biition in tJie present 
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0 ^ »ouM b. ~0 «K. 1.0 cm. Thl. ..to i. mud. th«> B.. r«,o.ory ob«r™d 

in the present study. 



Figure 3. The derivative plot for the partially annealed sample (annealed at 
780 K). 


Stanley (4 aVs (1972) arguniont that ojil^antMxl nxovory in partially annealed 
naiuplos (‘ould b(» duc^ to tho Haturation of dislocations by tho intt>ratitial impurity 
at<)ius does not justify in tlio prostml oaso, bexjaust* of tho low impurity content. 
Tt Is diffvtidt to a(}oonnt for lh,o recovery oTitirc;ly duo to inipuritios. Similarly 
tho nbstxvation of Evans pi al (1970) on tho incroasod dofexit production due to 
tho prosonco of impurity is also not applicable hero. Eutthor more, Schultz 
(1909) has shown that in sajnjdos with controlled carbon content this stage is 
intrinsic. Similarly Kulliman et al (1966) in decarborised tungsten obseirved 
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stage III at the usual temperature. Therefore it appears unlikely that carbon 
or another impurity in tungsten induces stage III recovery. From the above, 
it is clear that most probable defect migrating in stage III fai tungsten, is an 
intrinsic defect (vacancy or self intopstitial). 

Proaojit results are similar to theobservation of Takamura et al (1971) who 
studied the low tomperaturo recovt^ry of neutron irradiated tungsten and the 
effect of doping on stage I annealii|g. Tiu’ise workers studicxl tl\e isochronal 
recovery of tungsten aft(^r 6 hours ^f m»utron irradiation (flux 1 x 10 ^® n/cm^) 
on thrw typos of spocimciiis (a) well ^inealcd, ( 1 )) iiTadiation doping for 64 lumrs 
and annealed at 673 K for one honj*, ^< 5 ) 112 hour doping and ajineaM at 116 K 
for one hour. Thes(^ workers obst^riled that th,n recovery in stage I ]ia*s bcxfli 
(mhanctnl by irradiation dojiing. Thie effect of doping did not disappear when 
the .spooimons werc^ annealed jnst after stage III but on annealing after Vth stage 
this effect vanished. These observation of Takamura et al (1971) also showed 
that the eiihanceimsit of rocovery in stage I was not associak^d w ith tlie defects 
migrating in stage IT! bixt with tb.ose found after stages III. TJie interstitials 
got anuUulatod at vacancies and ther(4>y giving a recovery. If the vacancies 
were the migrating chdects in stage TTI there Avould have been also number of sinks 
for interstitials to get annibilat(xl and as sn.oU the recovery after 673 K would 
have been loss. But the (mhano<Hl roc*overy after 673 K rules out the vacancy 
migration in stage III. 

In the present case, it is seen that stage III recovery is more in case of 
specimens annoakxl at 780 K compared to well annealed and those annealed 
at 1200 K. If the vacancies were the predominant defect migrating in stage HI, 
the recovery should have boon less in 78 K annealed samples. However it is 
seen that the recovery is more in 775 K annealed specimens. The above observa- 
tions of different recx)vory in stage HI is difficult to explain unless it is assumed 
that the self interstitials are the migrating dehxits in tlxis stage. 

The migration energy {iJm) stage HI has been calculated on the basis of 
the change of slope method (Goedemo 1971) in the temperature range of 613-633 K 
and it comes to bo 1*69 oV±25 oV. No attempt has boon made to calculate 

before and after the stage, however the *spe(mnens were given an annealing 
treatment at 623 K for one hour before starting isothermal annealing. The 
migration energy is smaller than the calculated migration energy of vacancies 
in tungsten on the basis of stdf diffusion and energy of formation of vacancies 
data in tungsten. Taking self diffusion (SD) values of tungsten as 6-2-6-6 oV 
(Baunberg 1961, Andolin et al 1966) and energy of formation (Ey) as 3*3 eV 
(Schultz et al 1965), the migration energy (Em) was calculated to be (Em = Esd 
'—Ejp) 1*9 to 8*3 eV. The migration energy of 1-69 eV observed in the present 
study is different from the migration energy of vacancies. This also does not 
support the view that vacancies are responsible for this stage. 
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Trends in the valence force instants of crystal containing 
first-row atoms 

K K Mani, B Bamani and3 ^ Singh 

Indian Institute of Technology^ Bonibay'400076. 


Introduction 

In earlier papers (Mani and Raiuani 1074} Ramani and Mani 1974, Raniani et al 
1977), we have studied tl\o ajiplic ability of valence force fields (VFF’s) to the 
study of the lattice d^nianiies of graphite and BeO, simultaneously examining 
the question of force constant transferrenee in these crystals. The present work 
arose out of an attempt to make a similar study for BN. This substance orys- 
tallisoH both in a hexagonal form akin to the graphite structure and in a cubic 
zinc -blende stmctiire. The ionicity of BN is intermediate between the two 
crystals already studied, which makes it of interest to study. 

The available experimental data on BN arc scanty; only tho optical fre- 
quencies have b(Hm measured in both cubic (Brafman et al 1968) and hexagonal 
(Geick et al 1966) forms. It is, therefore, worthwhile to examine the trends in 
the microscopic elastic constants and the force constants of all I-row crystals, 
in order to pnKlict internally eonsist-ent values for the lattice dynamical data 
BN. 

Similar trends in zinc -blende structure crystals have earlier been examined 
by Martin (1970), using tlu) Keating (1966) model. Tho elastic constants and 
the force c;onstants showwl a simple linear variation with the Phillip’s ionicity 
parameter /< (Phillips 1969), for a large number of crystals. However, crystals 
containing I-row atoms sliowed considerable deviations. The present work is 
an extension of Martin’s work to I-row crystals. 

2* Dynamics of Hexagonal BN 

A rigid-ion model is used to describe the Coulomb forces in the semi-ionic crystals. 
The dynamic effective charge ze is a parameter in the model, which is determined 
from the optic -mode splitting. Its value for BN (hex) is 2 = 0*338. The valence 
force constants (VFC’s) are defined only between atoms in a given layer. The 
set of VFC’s include a out-of-plane bond bending force constant in addition 
to the usual set of VFC’s defined by Martin (1970), (namely ir, krr wid iv#). 
Two constants and 74 describe tho inter-plane mteraction. The constant 74 
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is scaled from its value in graphite, assuming Van der Waal’s interactions between 
the planes. 

Wo note that a satisfactory description of the dynamics of graphite was 
given by VFC’s transferred from naphthalene. In the case of hexagonal 
Wo nsc data from the boraziiio moloculo (Subhedar and Thyagarajan 1974). 
Tile opbicjal frequencies calculated with this input data are compared with the 
oxporunontal moa,suromonts in Table 1. The agreement is rather good, parti- 
cularly if wo consider the fact that the model uses only one adjustable parameter. 


Table 1. Force constants (in 10° dyne cm-^) and optical frequencies^^^ (in 
for hexagonal BN, compared with similar information for graphite<°^ 



Hexagonal BN 

Graphite 

hr 

4-8359 

4-789 

k. 

0-4265 

0.8955 

hrr 

00 

0-342 

hrt 

0-0 

0-1319 

h 

0-1562 

0*1662 

<*4 

0-0 

0-0063 

74 

0-4751 

0*0572 

z 

0-338 

0-0 

Ta- 

872 (828) 

640 

S(r) 

829 (783) 

640 


1421 (1367) 

1575 (1676) 

HL) 

1466 (1610) 

1575 (1675) 

rv” 

r+- 

1421 (1370) 

48 

1575 (1588) 

42 (50) 

r+jfo 

712 

640 

r+3«> 

500 

126 (127) 

A(®/o) 

6-0 

8*0 


a) Number in parenthesis indicato the measured frequencies for BN (Oeick 
et al 1966). 

(6) Mani and Kamani (1974). 


3. Dynamics of Cubic BN 

«. oh«ge of 

«,», f'J ’ f *»'■ li»vo not boon moosured. Wo, 

LiT Th’i "fl- “ ***" «*“*■« moduU of dlwnond, BeO md 

with rm, doviotion los, th™ lOV L ^ ’***“°“ 

of oubio BN Thntta * A to predict the elastic constants 

predicted coiiatauts are listed in Table 2. 
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Table 2. Elastic constants (in 10^^ dyne cm“®) for cubic BN, predicted from 
an interpolation scheme. 


Cii 



Martin ratio 

71 

17 

38 

1-002 






We can think of an alteniato scfcomo in which one infers how the VFC*s 
change with ionicity. It is found that|bho VFC’s in general vary at least quadra- 
tioally with /<. However, we may c^|>euted tliat the ratios tcrrlhr and 

will be linear functions of /(, to a Jood approximation. This scheme predicts 
the following ratios in cubic BN : ; 

kglkr = 0-084; krrikr = 0-027; Ar^/ir = 0-068. (1) 

The Keating model used by Martin (1970) is essentially a simplification of 
the VFF model, with two parameters ee and /?, defined by, 

a = krl^-kgti; p = 3Afl/2. (2) 

The Keating model postulates the following additional interrelations : 

= 1/V8: = 1/8- (3) 

Martin found that the ratio fijcc varied linearly with (1 — /<)• If we assume this 
result, we get the following ratios for the VFC’s : 

kgikr = O-OH; krrikr ^0-01; krglkr=0 0S (4) 

If we assume the ratios of VFC’s predicted in equation (1) or equation (4), 
the dynamics of BN is solely determined by tho constant Ar- Wo obtain throe 
different estimates of kr by tho following arguments : 

a) We assume that tho dimensionless constant Ar/(e®/’’o*) 1® * linear function 
of fi. Interpolating between diamond*^^* and BeO*®* wo obtain tho following 
value for BN : 

hr = 3-21 X 10* d3me cm-' (5) 

b) We note that tho ratio of kr for graphite (Mani and Ramani 1974) and 
diamond (McMurry et al 1967) is nearly the same as the inverse ratio of for 
the two structures. If wo extend this result to the two structure of BN, we get 
the following vahio of iv for cubic BN : 

Icf rm 8*73x10* dyne cm“* 


( 6 ) 






44 


K K Mani, R Bmnani and B P Singh 

c) Wo postulate a simple electrostatic model of the bond, visualising it as 
being formed due to a concentration of electronic charge in between the atoms 
(jonatituting the bond. This charge is considered to be sphwical. It is midway 
between the two atoms in diamond and shifts towards the more positive core in 
the case partiallj’’ ionic crystals. Further, the magnitude of the charge 
decreases with the ionicity of the bond and vanishes in the case of totally ionic 
crystals like LF. We denote the charge on tlie bond by — and the charges 
on the atoms linked by the bond by q^e and j^e. Elementary electrostatics then 
yields, 


kr = 2c*i;2g(y,+gij+2\/M2)-gi?2J/« (7) 

where q — tetrahedral coordination. The bond charge is taken 

to remain constant when there is a change in bond-length. Tf we now' assume, 
for a crystal, tliat qx = - (8-~iV)— 2 , or vice versa, the qualitative 

acquirements on the bond -charge are satisfied. Equation (7) now' allows us to 
express fe,- for any crystal in terms of kr for diamond, giving 

hr = 2*86 X 10* dyne cm'^ for BN ; (8) 

kr 2-32 X 10* dyne enr ’ , for BeO. (9) 

The value in equation (9) agrees well with t]\e value of 2*3 x K^* dyne enr ' obtained 
by Ramani el al for BeO. 

These three ostimat(>s of kt, in conjunction with th<^ two sets of ratios of 
VFC’h in equations (1) and (4). loads to six diffc^ront seta of \TC’s for cubic BN. 
The optical froquoncies and the (da.stic constants calculated with these sets are 
given in Table 3. 

Table 3. Bond-Btretohing for constant kr (in I0» dyne cm-»), optical fVequencicii 
(m cm-i) and elastic constants (in 10“ dyne cm-») for cubic BN, using both 
Keating and VFF models. 


Keating model VFF model 


kr 

3-206 

3-731 

2-863 

3-206 

3-731 

2-863 

WTO^ 

1430 

1222 

1623 

1330 

1366 

1146 

1319 

1090 

1401 

1188 

1262 

1020 

ClJ 

®12 

62 

6 

21 

72 

7 

26 

56 

3 

17 

65 

H 

23 

76 

11 

20 

68 

6 

20 

Martin ratio 

0-630 

0-670 

0-590 

0-600 

0-720 

0-620 


(o) Experimental values are ; 0.^0= 1804 om-*. ~ ’ 

«>To =• 1086 om-» (Bmfinaa « J»6«). 
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4. Discu 0 riion 

In the absence of experimental data on live elastic constants, we look for intoinal 
consistency chocks to determine favourable sets. On such check is a relation 
obtained by Martin (1970) for zino*blende atructwe crystals. 

2r44(Cn+ ^if“~ cO _ 2 

(Cjj — — 2c' ) -f^*831r'(0n + c jg — r' ) 

where, c' is connected with the offSl^ctive charge. We can view equation (10) 
as an empirical one. This relation Is satisfied to within 10% by the measured 
elastic constants of 14 cubic crystals^ The left-hand side of equation (10), which 
we call the Martin ratio, works out |o be 1*002 for diamond and 0*974 for BeO. 
Since cubic BN has an ionicity in bdjtwoen, wo may expect that the Maitin ratio 
must bo nearly 1 for BN. If this criterion is applied, then among the different 
.sets of elastic constant.s prosonted in Tables 2 and 3, the most probable set txirns 
out to be (in units of 10^^ dyne cm"®); 

^11 *^1> ^'12 l*^? ^44 38. (11) 

We find, from Table 3, that none of the niicuoscopic models predict elastic 
constants that satisfy the Martin’s relation (Martin 1972). However, this is not 
a serious draw-back, as tln^ Martin’s relation is only a justification for a two- 
paramotor description of the elastic propi>rtios. Th.at is, the elastic constants 
obtained from any arbitrary ch.oice of a and /? will satisfy the Martin’s relation, 
even though they niay U»ad to an elastically unstable crystal. For example, 
we repeated our calculations with a value of = 0*577 X 10^ dyne cm~^, esti- 
mated by Van VoohUm (1974), along with the three valuovS of kr in equations (5), 
(6) and (8). All the ac'ts yielded negative values for the elastic constant Cjg, 
even though the Martin relation was satisfied. 

It is significant that though the values of kg u.sed in our calculations are 
substantially smaller than the one predicted by Van Voehten (1974), they yield 
elastically stable crystals, ft has been long recognised that th.o bond-bending 
forces in I-row crystals ai*c stronger due to the more complete' hybridization 
in thoso crystals. What has been insufficiently emphasized is the significance 
of angle-angle interactions in these solids. A satisfactory description of the 
dynamics of I-row crystals can bo achieved only with a more general VFF than 
the one used here. The Keating model is not even a good first approximation 
in these cases, and a VFF such as the one w^e have used is superior to the Keating 
model in I-row crystals. Hence an altemaft^ set of elastic constants of BN 
(cubic) is obtained from VFF-models : 


cix-72±6; c,, « 11±2; O44 « 27±3. 


( 12 ) 
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Tho calculated bulk modulus of BN is 33±2 (10^^ dyne cm“*). This value lies 
within the limits of 27 and 42 (10” dyiie cm~*), predicted by Gielisse et al (1967) 
using various arguments. 

5. Conclusions 

Trends with ionicity in the elastic moduli of I-row crystals hare been studied. 
These have boon utilist»d to predict the elastic constants of cubic BN. The 
elastic constants hav(i been calculated using a VIT model and a Keating model. 
Two different sets of clastic constants for cubic. BN, have been suggested depend- 
ing whether tlio Martin relation is expcxjted to be satisfied or not. The dynamics 
of hexagonal BN has been shown to bo satisfactorily described by the force 
constants transferred from the borazine molecule. 
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Thermally stimulated dischafge currents in 
polystyrene thin films 

Bharat Bhargava and Srivaatava 

Solid State Phyaioa Laboratbry, University of Saugar, Sagar (M.P.). 

Abstract. Thermally atin^ated disoharge currents have been studied in 
solution grown thin polyat^one films polarised at 130®C imder infiuence of 
different field strengths (2-^0 kV/cm), thickness (2000-10000 A). The TSD 
spectra have been used to caloulate relaxation time, activation energy in 
polystyrene films. Two relaxation peaks have been observed at 77 °C and 
112®C. The occurrence of 112°C peak is explained in term of space charge 
injection from electrode and ionic effect. The occurrence of 77°C peak has 
been shown to be due to release of trapped charges due to local movements 
of polystyrene molecular chains. 


1. Introdiactioii 

The knowledge of polarisation behaviour of polymeric material is of considerable 
importance duo to thoir applications in a number of devices as okxjtrets. Polymer 
olectrets have boon exaiuinod by various authors (Davies and Lock 1973, Perlman 
1971, Pillai et al 1972, Gross 1944, Gerson and Rohrbaugh 1965, Jain et al 1073, 
Lilly et al 1970, Pillai et al 1973) using different tochniquoa, but the nature of 
the polarisation in such eleotrets is far from cleaj. Usually the results of electret 
charge measurements are explained in terms of Gross’s two charge theory (Gross 
1949), which favours the coexistence of heterocharge and homochargo. The 
heterocharge formation has been shown due to the volume polarisation of 
eleotrets. 

Thermally stimulated discharge (TSD) current moasiurements have been 
shown to be important technique to understand the volume polarisation behaviour 
of polymer electret»s. Perlman and Creswell (1971), Tumhout (1971) and others 
(Bucci and Pieschi 1964) have used this method for qualitative analysis of elec- 
trets. TSD measm’enionts have been reported in a number of polar and non- 
polar polymeric materials. Little work has been reported on TSD measure- 
ments on polystyrene, a non-polar polymer. However no systematic work is 
reported on thin (< I ft) polystyrene films. In the present paper solution grown 
thin polystyrene films are studied as a function of field and film thickness. The 
studies are aimed to understand the internal polarisation behaviour of non- 
polar polymeric material. ' 
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2. Esperimeatal 

Thin polystyrene films were deposited by the isothermal flotation immeraion 
tooliniqne from a .solutioii of polystyrene in cyclohexanone maintained as about 
6()"C. Tlie film thickiioss niiiyod from 2(KK) to 10000 A. The gold electrodes 
won- vai-mnn <-vapi. rated through a mask of 30 gauge copper wire to yield a 
film width of vm. 

Polystyr(MU‘. filniK woro >5ubjoct<;d to a high d.c. oleotric field ranging from 
2-5 kV/ciu to 10 kV/cJii at polarising temperature 130°C for certain fixed time. 
Th(; sainjilcs Wf^n^ cooled under the inflmmco of the electric field. After some 
arbitrary time of 5 ininuttis. the samples wore heated to 180°C with a linear 
rate of 4 C/min in a cIosimI chamber evacuated to a pressure of about 2x10^* 
torr. Th(^ thermally stimnlatod currents were recorded on X~Y recorder witli 
the help of a GRC model 1230 A ele.drometei in usual manner. TSD thermo- 
graphs wen^ recorded undc'r differtsit conditions of field and film thickness. 


3. Results 

The TSD curnmts for thin polystyrene films of different thicknesses polarised 
under same conditions (5 kV/ciii at 130^C) are shoum in figure 1. In each casti 
the spectrum shows two peaks at about 79"'C and 120®C. Conventionally these 
peaks may ho termed a>s p and a respoctiv(4y in order of iiu^reasing temperature. 
The peak position was found to he independent of film thickness. A slight change 
in the peak position in flifferent cycles may, however, bo due to a small change 
in t3\o luxating rattv. 


Ft J\a^ be(‘n tound that tlu^ total charge released to the external circuit, as 
indicatixl by tlxe ar ea of tlu' (‘urves of figure 1, increases with the film thickness 
as shown in figure 2. TSD currents for thin polystyrene films polarised under 


ditforont polarising lieUls aix- shown in figure 3. Tlio TSD si)ootrum shows two 
peaks at 77"C and 1 12 C iH^spn-tively for 2-5 kV/cm field strength. The results 
shoA^ that th(^ position ot the a peak shifts to higher tcmiperature side with the 
increasing field strengUi. In p peak position, however, no appreciable change 
is observed. Ft is interesting to note that the magnitude of the cc peak shows 
large variations with increasing field values Fmt the magnitude of the /?-peak 
does not show much clxange vWtli field. The peak current is observed to increase 
with the field. A linear nfiationship is obsorvwl between the peak current and 
polarising field as sJx„wn in figure 4. For flu, a peak, however, no «uch relaiion- 

8hip IS ob^rved but the ]X,ak current shows a linear relationship with (^,)* 
applied field as shown in figure 5. 


and y Gibson’s initial rise method (Garliok 

Gibson 1948) the plots of log J vs. 1/T for the TSD onrves at differlt field 
values are shov^ figures 0 and 7 for « and peaks respectively. The summary 
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of tho estimated activation onerKies associated with different proctwses and 
iiorroapondiug rolaxatioii tinu^ at fiolcls are tabiilatod in Tables 1. As 

can bo soon from tho rosultn the values of activatioji energy vary between 1*03 
to 1*15 eV for different fi(*ld valnes for a peak. However, no systouiatic 
variation with fic^lcl is observ(^(L Jhe relaxation time is ca](tulat<>d to b(» 



Figure 1. TSD currents for thin polystyrene films of different thiokneases 
(A — 2500» B — 5000, 7200 and 10000 A) at ISO^’C temperature and 6 kV/cm 
polarising field. 


2*46xl0~^*» soo. at 2*5 kV/em field. These results are in agreement with 
Perlman’s results (Perlman 1972). For the peak tho values of activation energy 
vary from 0*46 to 0-24 eV with the increasing polarising field. ^ A r^ular decrease 
in the activation energy is observed with the increasing field as shown in Table 1. 

7 
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Table 1. Summary of the results from the analysis of T8D .ming initial 
rise method. 


Belaxation 

process 

E, 

kV/cm 

Tm 

°C 


To 

Sec. 

Tm 

Seo. 

Jaoo 

Sec. 

X 

2*5 

112 • 

116 

2-46 X 10-“ 

2-77 

610x10* 


6-0 

120 

1*03 

2-00x10-“ 

3*22 

4-01 X 10* 


70 

127 

1*04 

2-61 X 10-“ 

3-30 

7-78x10* 


10-0 

136 

MO 

9*13x10-“ 

3-27 

2-76 X 10* 

P 

2*6 

77 

0*46 

1-36x10-’ 

6*70 

72-7 


5*0 

79 

0*31 

806xl0-» 

8*34 

63-4 


7*0 

80 

0*26 

1-96 X10-* 

1*02 

46-6 


10*0 

82 

0*24 

4-30x10-* 

M2 

46-2 



, 

1000 3000 

FILM 

figure 2. A plot of area under 
“Oder 5 kV/om field at 130*0. 
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Figure 3. TSD ourrents for 6000 A thick film polarised at ISO^C 
different field strength (A— 2*6, B— 6'0, 0—7*0 and D— 10 kV/om). 
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Figure 4. I’ealf current V«. applied field for the peak, 



Figure 5. Peak current Vs. square root of applied fledl for the a peak. 
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4. Discussion 

The TSD curronis in pnlyinorit materials (Blli et al 1974, Pillai et al 1971, Jain 
and PiJlai 1008) may lu- i)i‘odiu?od hy th.o dipole alignmont, ions trapped at the 
dufocts or dLsjocatiou'i in c-rT.-^talliiie regions, spaco-uharge build up by the migra- 
tion of ion-; over mi( i o^enpu* distances and the apace charge injected from the 
(doctrodes. Tiu^ t^No processes result in a uniform volume polarisation 
whicli Ls a ]ud('ro( luuge. Thi* tl*ird one gives a non-uniform hoterochargo while 
tile fourtJi nselts ifi nnu-uniforni Inderocharge or homocharge depending on 
the (dectrodi^ work function and luaterial. 


For tliin polystiviie films tile TSD results sliow tJiat p<»ak occurs at about 
77'C and is iiuhpcndr.nt of fiidd stiiuigtli. Hown^ver, tlu^ peak current shows 
a limsir iiicristso witli iiu n^asc' in fi(dd as show n by tb.o i)Iot of peak current Vs. Ep. 
TJ'is j(‘lationslup favonrs an nniform polarisation process. In polystyrene which 
is a non-polaj- jnat('Tial, tlm 2 )i)ssi!>ility of peiiuaiiont dipole alignment is ruled 


out. Howovrr, tlu> pohirisutioii p!(),-,s,s,s juiiy 1)o assu.iuod to bo duo to tho local 
mo\'<-i)U‘nt of molcM'lur cliuiiis cai'.'fiui' flio roloasc of trapped chargo. Tho 
variation of a;-ti\ a1ion ('iicigy witli hold value also favours local niovomont of 
polyjucric cliains. llsijally suclt low values of activation onorgios aro as.soiiiated 
with local ci'.aiii luovcauoits, Tiic observed .small diangos in magnitude of 
p poak with, tiuoknc.ss also favour, s f-n al chain movomonts in polj'styrone thin 
films. Suclv Ic.al chain luovouionts of polynu.r chains Iiave boon Voposod for 
dielectric — loss relaxati(Ji) also. 


The a poak has boon observed above tho glass transition teinporaturo of 
to polymorK malorial. Its position shifts with, increasing field value. It does 
not show a linear ivlationslup when a < urvo is plotted l.ctwoon poak current and 

su<rl\r ul>Sorvcd for peak curront Vs. (field)* 

^ „go. mg .1 space cliarg,. „fl,.,,t. Tho origin of (h.o space charg<> in polystyrono 

(G^diulol a’r btuu it »'j"‘dioii of diargo oarriors from electrode 

intorfaco of th.o ptvni.'./ o,’ th’ ‘ crystalline 

Fridkiii J95(i) r in " '»<toscopit ion displacomont (Froiman and 

TSD ,,,‘4,; 

tmio I.S small as compansl with the lif *• • . The recapture 

polarisation .d-oidd doTicnd on tt I 

tion onorgv asso^itttvith his activa- 

likely that ch.argo earners are ^^11^1:117 ^ 
energy assooiatod mtli ionic trans a orphous materials the activation 

values of activation energy have teen i^tWtt^f (Jonschor 1967). The 

estimated to be about 1-0 to M6 eV for 
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the cc process. Thov:gh the estimated valves of activation energy are in good 
agrooment with oxpoctorl valuc.s for ionic traps. t]\n possible oiigin of hetero^ 
charge forwiation due to space i;hargr- injo(^ti<m from oloctrodo material can not 
bo rixlod out. The observed field dojiimdimco of tl\o jx^ak current for oc process 
also favours space-charge*) diu' to injection iroiii electrode. Tile electronic conduc- 
tion studios in thin polystyn^iu^ films also favours the injection of carriers from 
oloctrodo under tl\e inflm^nce ol li|gli f]«Jd and temperature. The obsorvod 
thickness dependence also favours the space cluirge effec.t. The observed high 
values of activation oneig} , liowovet, could not bo fitlly explained in terms of 
space cliarge duo to injection from ciloctrodiss. 

From the pi'ocoeding disc.uHsions it may be (‘omduded that the heterocharge 
formation in polystyrene films eIocti*ats is possibily due to the space charge 
accumulation. This space charge cotrld bo due to oitlier the injection of carriers 
from eleotrodes or ionic traps present at amorphous'-orystallinc interface. No 
dipolar polarisation has been observed in thin polystyrene films. 
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Studies on the characteristics and fabrication of 
high voltage Si-diodes 

T K Gupta 

Department of PhysioB Meteorology, Indian Institute of Technology, 
Kharagpur-721302. 


le lotrodiiictioii 

High voltage ailioon diodes arc now Ibeing used in tripler of a television set, and 
can be fabricated in the laboratory at a very cheap cost. As these high voltage 
silicon diodes are used extensively for commercial purposes, one should take 
care of the quality of the devices along with their availability at a competitive 
price- This paper deals uith the basic techniques for fabrication of silicon 
diodes along with a study of their electrical characteristics and the quality of 
the device. 

2« Experiuental 

1*5 inch diameter, circularly cut single crystal of silicon, having resistivity 
20-30 ohm-cin obtaineil from M/s. Monsanto Co., U.S.A. are used for in the 
jiresent investigation. As cleaning is one of the most important part of this 
process technology it is done very carefully. The wafers are cleaned with hydro- 
fluoric acid solution and rinsed in deionised (HI) water. Hl-water rinsed wafers 
are cleaned ultrasonically by acetone, trichloro ethylene, and methyl alcohol. 
Lastly these samples are cleaned in chromic acid solution and rinsed in HI water. 

Ammonium phosphate dopant mixed slowly in HI -water kept in a beaker. 
This will bo »i^-typo dopant. Boric acid is mixed in ethyl alcohol, which will bo 
our i>-type dopant for the diffusion of impurities in the diode fabrication. These 
premixed dopants are then sprayed on the surface of the silicon samples with 
n-type dopants on the /t-side. Hopants-sprayed wafers are baked in a 200^C 
oven for half an hour. Fifty numbers of these wafers are placed together with 
p-side of the next wafer. These wafers are then pushed inside the central zone 
of a three zone control furnace. The central zone temperature is kept at 
1250°CdbO*6. Hiffusion is carried for sixteen hours. After sixteen hours of 
operation, these wafers ate taken out of the furnace by slowly lowering down 
the temperature of the furnace. These dopants-difftised wafers are soaked in 
hydrofluoric acid solution and rinsed in HI water. 
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riatinum film available from M/s. Emulsiton Co., U.S.A. is spun for ten 
seconds and baked in a 200°0 oven for fifteen minutes. These baked wafers 
arc then pusliod inside a diffusion furnace kept at a temperature of 940®C with 
nitrogen flow. After one and half hour of treatment, these wafers are cleaned 
with hydrofluoric acid solution and rinsed with Dl-water. The cleaned wafers 
arc now etched with premixod HNOa-HF-CHgCOOH in 2 : 1 : 10 proportion, 
and again rinsed in Dl-wator. These wafers are then dipped in nickel solution, 
ooininoroially available, under the trade name ENPAT, from M/s. Transene Co., 
U.SA. Tliis solution is used for making ohmic contacts to silicon with nickel. 

Fourteen uiiplated wafers with two plated ones as end pieces are placed 
with ^>-sido up. Aluminium foil cleaned in methanol is placed on the p-side of 
the wafers. Alloying is done at a temperature of 736°C. This stack of wafers 
is etched again, and second nickel plating is done. Bright gold solution, supplied 
by M/s. Transeii Co., U.S.A. is used for gold plating on silicon. Tile stack is 
dipped in the solution for fifteen minutes. The gold plated wafer stack is now 
ready for taking leads from the appropriate ends. 


3* Results and discussion 


The volt-ainpore relationship I == /o[exp(F/nFj,-l)] shows the dependence of 1 
with toniporaturo. is the diode revorso-saturation ciurent. TJiis reverse satura- 
tion current wUI increase with increasing temperat\u-e. Theoretical calculations 
have shown that the variation of /„ with T is 8 percent/®C for silicon (Jacob and 
Glinstos). Our fabricated diodes which may be ustKl coiiuneroially in triplor 
of TV set IS passed througli the elt>ct.iical tost, in which rwdifying fly back pulses 
of U KV, at cunout load of 2 luA, is passcid at an ambient temperature of 130°C 
loi 16 soGunds. The results are satisiaetory witlr no thermal runway. 


Figciro 1 shows the reverse voltage vs. leakage current through diode. The 
roverao saturatjon current at the break down voltage is found to be 70-0 micro 
mpero approxinxaWy for the fabricatcnl high voltage silicon diode. The break 

“My "Pto * 


* 5 ”° ^ rOT«ni volrago v,. ourront rolaUon, when nmlied to 

ft. ...oimmm voltage ftown i« 15 v* 

doiie^o™~areMT°lft° *” obMto* ftonM be 

tobodon.ve^ oiX* wtfe™ in ft, fen«ee 

•nd idtimately the fcvlL. •” pushing may damage tiie waf^, 

eices. Atter the diffiiaion operation ifl.ovecalliiheTr»f^ 
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are tasted separately, so that thoi’e should not bo auy crack or damage* Using 
four-point resistivity probe, sheet resistances are measured on both the sides; 
wafers with different sheet resistance of the surface are avoided. Nickel plating 
should be more or loss uniform with ho bare silicon surface left. De-ijnised 
water used should be the order of 18 m^gliohm-cm resistivity. 
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Formation of colloid centres in pure and doped KCI single 
crystals 


M L MuJiherjoe and H It Boso 

Department of Physics, Indtim Institute of Technology, Kharagpur. 

Abstract* The present invastigation consists of the studies on the formation 
of colloid centres in KCI single crystals, both pure and doped with anionic 
and oationio impurities. Heat-treatment of electrolytically coloured KCI 
crystals between 110®C and ftOO^C induces a gradual increase of the colloid 
band peaking at about 725 nin at the cost of the existing F-band. Electrolysis 
destroys the typical Pb-band in KCI : Pb and (NO 3 )- and (NO 2 )- bands in 
KCI : KNO 3 single crystals. Further heat -treatment of those samples do not 
produce any colloid band; instead optical absorption decreases throughout the 
wavelength region between 240 and 1000 nm. From these measurements 
it is concluded : (i) that formation of colloid centres in electrolytically coloured 
KCI is po.ssihlo by heat -treatment even at as low a temperature as 110“C; 
(ii) that both anionic and cationic impurities play a vital role in the formation 
of colloid centres and their presence tends to suppress the formation of colloids. 

1* latrodaction 

Colloid bandH in alkalihalidos have been studied by Scott et at (1961, 1963) in 
some details. They investigated the conditions for the formation of collokis 
from F centres in additively coloured crystals and the optical and thermal pro- 
perties of these centres. According to them, these centres are due to colloidal 
metals of particle size of the order of 5 mu, and the equilibrium, or the saturation 
value of J?’-centre concentration, depends on the temperature of heat treatment, 
which was between SOC'C and 500°C in their experiments. A definite shift of 
the peak of the colloid band towwd longer wavelengtii with the higher treat- 
ment temperature lias been observed (Doyle 1958). Compton observed that the 
presence of (OH)“ impurity is required for the formation of colloid band under 
gamma or cathode ray irradiation; however, its presence was not uecessary to 
form the band in additively coloured crystal (Compton 1967). 

Kaiser (1952) has observotl colloid centres in films of alkalihalides additively 
coloured by simultaneoris evaporation of the salt and excess metal. A wide 
band is observed which presumably consists of colloids of vaiious particle size, 
along with F and M centres. 

Here in this paper we intend to study the formation of colloid oonties in 
electrolytically coloured crystal by heat treating at relatively low temperatures 
(between WC and IWC) and also the effect of diliberately added cationic and 
anionic impurities on the formation of colloid centres. 
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2. Experimental 

Pure and impurity doped single orystul of KCl aro grovm from BDH Analfv r 
grade salts by Kyropouloa method. The amount of impurity added to the molt 
is indicated in the paronth.osis. A Philips sealed tube (Cu-Target) has been 
used for X-irradiation. A Bcxjknian model DU spectrophotometer has been 
used for measuring absorptions. Electrolytic colouration in pure and doped 
KCI are produced by usual mothod of placing the sample between a flat platinum 
anwle and a sliaip catho<le, and heating at a temperature of about 
Sample-s are handled in dun rod light to avoid formation of long wavelengtli 
bands due to optical bleaching of J’-centrea. 

3. Results 

In figure 1 the effect of heat treatment on tlio absorption spectra of pure KCl 
coloured electrolytically has l)(>en .sJiown. The sample in this case is coloured 
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first by electrolyaiB and then by X-raya and the optical absorption is measured 
at room temperature after tbe sample is kept at 110®C, 140°C, 170"C, 210“C 
and 260 C for half an hour sucoesaively and quenched. The colloid band build 
up gradually at the coat of the JS^-band. It is to be noted that there is no change 
of the absorption inaxiniuiu of th(^ colloid band duo to higher treatment tem- 
perature. 

Figure 2 depicts the absorption spectra of KCl : Pb (24xl0~2 mol%) before 
and after electrolysis. The sliarp Pb-band at 273 nm is destroyed on electrolysis 
and a typical F-band of low intensity is dovelopcKl, as well as the back ground 
absorption increases. When thisjs heated at 3()0°C for half an hour and quenched, 
the colloid centres are not lorisaod; instead the optical absorption diminishes 
througl^out the whole range of Wavelength between 240 nm and 1000 nm. 
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Figure 2. The effeot of heating at 300^0 for one hour on the absorption bands 
produced by electrolysis of KCl : Pb crystal. The curve (a) gives the spectra 
before electrolysis, (b) after electrolysis while (c) gives the spectra after heat 
treatment. 

Upon doping the KCl lattice with KNO, (6x10-® mol %) two absorption 
bands at 7-1 and 7-7 /tm in tho infrarod region is found to develope. These are 
due to (NO,)- and (KOg)- ions (Wardzynski 1968). Electrolysis destroys tht*so 
bands to a largo extent leaving lew centres in tlxe uncolourod portion of the 
crystal (figure 3). The absorption spoctra in tho visible region of this sample is 
given ill figure 4 (open circle). The change produced in tho absorption spectra 
by heating it at SOO^C for half an hour is quit© appreciable. The J’-band as 
well as the long wavelengtlx band is diminished in intensity and no colloid band 
appears to be produced by such heat treatment. 
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Figure 3. lufrarcnl absorption sjK'ctra. as grown (a) and olectrolytically 
cokiarofl (f)) K(M : KXO^^ crystal. A small portion of (h) was left uncoloiired 
duo to irrogulardy in ooloniation by olontrolysiK. 





Colloid centres in KCl single crystals 
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4. Discassion 

It is gunorally accopttjci that colloids arc formed by heat treating additively 
coloured alkalihalidos at a tempt>rature of about 300°C (Scott d al 1961, 1953). 
Figure 1 shows that ovoii at a low temperature of 110°C colloids may bo formed 
in eloctrolytically coloured KCl crystal.^. Moreover, if heat treatment is carried 
out in the low temperature region <]f llO^C to 260°C, no shift of the absorption 
maximum of the colloid band is obiservcMl. Tliis means that no change in the 
size distribution of colloidal centres takes place in this tomporaturo range. It 
may bo noted that the shift of absorption maximum observed by Scott d cH 
(1951, 1963) is duo to heat troatmeiA at h^htir temperatures. 

The absorption band at 273 mu in figure 2 is duo to Pb+ ' contTes occupying 
potassium ion sites. On oleedrolysis, some or most of the Pb++ ions 
capture electrons and are c<>7iverted to Pb® or Pb“ (Topa and Yuste 1970) and 
as a result the absorption band is destroyed. Tlie presence oi these neutral 
load and other eeutr<iS disturb the formation of colloid centres upon heat 
treatment. 

On electrolysis of KCl with anionic impuritios, F=contros, are produced. 
In the case of KNO3 doping, the complex ions, (NOa)- and (N02)’', irreversibly 
discomposed into neutral atoms or molecules (Muldierjet* and Bost^ lOtiti) possibly 
oxygen and nitrogen, some of whiiJi may remain entrappiKl in microsp>ro8 or 
other suitable lattioo detects. These spe(,ie.s caujiot contribute to ele<-.tri al 
conductivity (Muklmrjeo 1973) and may l»e looked upon as gaseous substamie 
dissolved in the crystal. Thus the crystal contains a large number of defwts, 
some of which are likely to be of matToscopic type. Exc*»ss metal atoms m the 
presence of higli concentration of lattice defects can possibly coalost 0 into aggre- 
gates or colloids re-sponsiblo for the broad band in the long wavelength region of 
660 mn to 950 nm (figure 4). Tlio wide band (650 nm to 950 nm) obs<.Tved in 
olectrolytically coloured KCl crystal may be produced by the superposition of 
a number of known bands. It is interesting to pomt out that there is a striking 
similarity between these absorption bands with those reporteci by Kaiser (1962) 
for the evaporated specimens of KCl containing excess potassium. It m rather 
tempting to beUevo that the absorption bands in the two cases are of siiMar 
origin. It is of course possible that metallic oxides (such as K^O) have been 
produced during electrolysis and those products along vrith tho excess potassmm 
and other defects are responsible for this absorption bands. Kaiser has reported 
a decrease in tho intensities of the bands on aging. In tiie present 
also the long wavelength bands show a decrease onheatmg at about at 300 C. 
Further fonnation of colloids do not take place at the coat of F-oentres. 
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Mostbouer spectroscopy study of the ternary alloys 
CoaFeGa and FeaCoGa : site preferences of Co and Fe 

N K Jaggi, K E P M Eao and P K Iyengar 
Bhabha Atomic KcEcarch (%ntre, Trombay, Bombay-400086. 


Introduction 

Tho Co-Ga alloys have Cs-Cl structore at Btoichiomctry. It has been assumed 
(Wachtel et al 1975, Sollmyer et al 1971, Rao et dl 1975) in the past that in com- 
pounds having more than 50*7 atomic percent Co, the excess Co atoms (denoted 
as Co^) go preferentially to the Ga sites. It is conjectured (from the analysis 
of susceptibility, that only those Co^ atoms which have two or more Cox (Sellmyer 
etallQlY) in NN unit cells have magnetic moments. These localized magnetic 
moments are randomly distributed on Ga sites. Hence for small concentration 
of COq., the alloys can bo reasonably expected to show spin-glass properties at 
low temperatures. Similar behaviour can then bo expected even in the case 
of Co-Ga containing small amounts of Fe atoms, provided the Fo atoms also 
preferentially occupy the regular Ga sites, llof^sbauer spectroscopy erd neutron 
diffraction studies of the alloys Co^FcGa and FogCoGa have been underlal.vn 
to get information on the possible site-preferences of iron and cobalt atoms, 
and the local environment effects. 

Experimental 

The alloys CogFcGa and FegCoGa were prepared in an induction furnace, by 
melting at 1200®C for half an hour and then furnace ceding. Later they were 
powdered and annealed at flOO'^C for 3 days. 

For source measurement 1-5 mci of Co^’' ^as diffuEcd in a thin slice of 
Co 2 FeGa using standard techniques. K4Fe(C3SI)6 absorber containing 0-2 mgm/cm^ 
Fe®^ was used to record the emission spectrum. A Co®’ in Pd tourco ^as used 
for absorber measurements. All isomer shifts are quoted w^ith ictpcct to natural 
iron. 

Results 

Neutron diffraction study of the powdered samples showed the crysial structure 
in both the oases to be Heusler, with a lattice constant (6*71 A), nearly double 
that of Co-Oa. No precipitation of second phase was observed. 
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Magnetisation measuroments have shown that ^th the aUjs «e 
ferroma^otic. Curie temperature of the alloy Co^FeGa was found to be 1160 K. 
while that of FojCoGa was more than lOSO^K. 

Co FeOa • The absorption spectrum of unannealed CojPeGa sample showed 
a sliehtiv broadened six-finger pattern, which could be resolved into two sextets 
corrospending to the same hyperfino field (HF) but different isomer shifts (IS). 


The amiealed sample gave a spectrum with narrower lines (figure 1) corres- 
ponding to a singlesite-bohaviour, with an HF of 310 kOe and IS of -Ofii-OS 
nim/sec at room temperature (300°K). The spectrum recorded at liquid N, 
temperatures nearly the same as that obtained at ET, except for an increase of 
HF to 316 kOe and IS to -20 mm/sec duo to their usual temperature dependence. 


Source measuroments on CojFoGa gave a single sextet corresponding to a 
HF of 217 kOe and IS of -26 mm/sec (figure 1). 



Figure 1. (A) CogFeGa. Absorber spectnun. 0*0686 mm/seo. ohanneL 
(B) CoaFeGa. Source measurement. 0*0408 mm/seo. ohaimeL 


Fe^CoOa : The unaimealed sample gave a complex spectrum which could 
be very clearly resolved into two sextets. One (referred to as L) has a BQP of 
310 kOe and IS of 'OOi’OS mm/soc. The other (referred as S) has a HF of 286 
kOe and IS of *26 mm/sec (i:*05 mm/sec.) at RT. The intensity ratio of the 
two components (i.e., i, 8) for the unannealed sample was nearly 2 : L 



Mossbauer spectroscopy of ternary alloys C9 

On annealing the sample, the intensities of the two components become 
nearly equal, without affecting any other parameter (figure 2). 



Figure 2. (A) PeaCoGa. Absorber spectrum before annealing. 

(B) FoaCoGa. Absorber spectrum after annealing. 
Both 0*0498 mm/sec. channel. 


IMsciigsioii 

The unit cell of the Co-Ga structure, when doubled, can be viewed as a Heusler 
structure (X^YZ) with Co at -4, (7 sites and Ga at J5(i7) sites. 

The sextet L corresponding to a larger HF of 310 kOe at RT can be asso- 
ciated with Fo atoms at B{D) sites, wliere they have aU the nn atoms as transition 
metal atoms, Co or Fe. Hence within the systematics, they can be expected 
to have large moments. Comparing the HF and IS of this alloy with that in 
b.c.c. Fe, wo expect a moment of about 2/iB on Fo atoms. 

The other sextet with smaller HF of 200 kOe can be associated with Fe 
atoms at O) sites, which does not have all transition metal atoms as tifim The 
smaller HF indicates a smaller magnetic moment of about l-6/*J5 on these Fe 
atoms. This corrospondonco between sext»ots and sites is further corroborated 
by the results of previous measurements on Fo 3 Ga (Kawamiya et al 1972) and 
Fe,8i (Steams 1968). It was found in them that Fe atoms at B site have HF 
300 kOe and IS of 0 05 mm/sec, while Fe at (A, C) site has HF 200 kOe and 
IS of 0*26 mm/sec. 
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Go FeGa : In this alloy, all of the iron atoms go to the J5(jD) site, as indi- 
cated by a single sextet observed. The broadening observed in the unannealod 
sample is attributed to a small amount of disorder between JB-D sites. This 
disorder annealed out on heat treatment, as indicated by narrowing of the lines. 
The absence of B-D disorder in the annealed sample was confirmed by the sub- 
stantial intensity of the odd superlatticero flection (111) in the neutron diffrac- 
tion measurement of the powdered sample. 

Tlit) ftbovo inferred rtiaignetic momont of '"^2 fiS on Fo Atoms was confirmodi 
by polarised neutron diffraction moasuroments to be 2-1 /iB, 

Source moasuromaut clearly shows that all of tho diffused Co®’ occupies 
exclusively tho (il, G) sites, as indicated by asinglo sextet corresponding to a 
smaller HF of 217 kOo. This result appears to be in direct contrast to the 
previous assumption {Wachtel et al 1975, Sellmyer et al 1971, Rao et al 1976). 
that all of tho excess cobalt prefers to occupy the B-D sites. 

Tho Fo-Fe distance of 4*1 A is too largo for any significant direct overlap 
to occur. On tho othorluind it is unlikely that tho indirect RKKY interactions 
between Fo alone can give rise to a Tc of 1160°K. Our source measurements 
show a moment of -^l-S jiB on Fo atoms at the Co sites (j 4, 0). Presumably 
tho cobalt atoms themselves may carry an appreciable magnetic moment. 
Since tho Co-Fo distance is only 2 A, it is likely that tho direct overlap of the 
d-orbitals of the two atoms is responsible for tho strong ferromagnetism observed. 

Fe^GoQa : The two sextets clearly show that Fo atoms are present both 
at (A, C) and B{D) sites. Thus, its concluded that all B sites are first occupied 
by Fo, and then the remaining Fo atoms start occupying the C sites, as indi- 
cated by tho moasuromonts on CogFoGa and FogCoGa put together. 

This i)ossibIy explains why regular Heusler alloys the of typo FegYZ do not 
exist. Tho cation distribution in the case of the alloy FogCoGa, can be nominally 
written as (FeCo) FoGa. Tho small difference in intensity can be due to in- 
sufficient annealing, composition not being exactly FegCoGa, or a much stronger 
site-preference of Fo for tho B(D) site resulting in vacancies at (-4, C) sites. From 
our measurement it is seen that as the number of Ga neighbours increases, the 
HF (and hence the magnetic momont) decreases and tho IS shift increases (Table 1) 
similar to that reported by Hauffman (1976). 

The difference of 18 kOo in tho HF at A, C site, between Co^eGa and 
Fe,CoGa, although tho site has the same nn environment, may be due to trans- 
ferred hyperfine field contribution from nnn sites. The HF at B site is however 
the Mme whether one has 8Co nn (as in Co^FeGa) or 4re, 4Co (as in Fe,CoGa) 
or OTe (as m Fo,Ga). The decreasing moment on Fe atoms with increasing 
number of Ga ueighbours can be understood as due to partial fiUing of the d-band 
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Tablet 1 


AUoy 

Site 

No. of 
Ga 

No, of trans. 
metal atoms 

HF/RT 

KOe 

IS/RT 

mm/seo 

CoaFeOa 

B(D) 

0 

8 (8Co) 

310 

•06±-03 


A.C 

4 

4 {4Co) 

220 

•26±-03 

PejCoGa 

B(D) 

0 

8 (4Co, 4F©) 

310 

•09±‘03 


A,C 

4 

4 (2Co, 2Fe) 

236 

•28i:-03 

CoGa» 

A 

8 

0 

0 

•68±-06 


of the Fe atoms by electron-transfer from the neighbouring electronegative 
gallium atoms. As the number of i-eloctrons on the Fo atoms increases, the 
shielding of the 3a electrons becomes more effective, the electron density at the 
nucleus decreases, and consequently the IS increases, as is found experimentally. 
This seems to be in agreement with a recent band calculation (Morrizin 1974) 
on isostructural CoAl, whore it was found that there is a net charge transfer from 
A1 to Co atoms, whenever Co has A1 as near neighbours. 
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An instrument for study of diffuse X-ray acattetfing 
very close to reciprocal lattice points and some 
illustrative results 

Krisliaji Lul anti Bhanu Bratap Singh 

National Physical Laboratory, Hillside Boad, New Delhi- 12 

Abstract. We have developed a triple crystal X-ray diffractometer for making 
high resolution measurements of diffuse X-ray scattering very close to the 
reciprocal lattice points (relps). Two perfect silicon single crystals are used 
to monochromote and collimate X-ray beam from a microfocus X-ray source. 
These monochromators can well resolve the and component of the 
characteristic radiation. By using a special collimator the beam is iso- 
lated and used as the exploring beam for diffuse X-ray scatteting studies. 
This beam besides being highly monochromated has a divergence of a few sec 
of arc in the horizontal plane. With this exploring beam perfect single 
crystals have been observed to give diffraction curves with half widths very 
close to the theoretically expected values. Measurements of diffuse X-ray 
scattering can therefore be made extremely close to the relps. Some illustra- 
tive results of measurement of diffuse X-ray scattoering made on perfect 
silicon single crystals by using this instrument are also reported. Those 
moasuremonta have been mekdo using Mo radiation around HI relp of 
(HI) single crystals in symmetrical Bragg configuration. 


1* Introduction 

n all Uu. akiniri in a oi ystal CAUiiipy pnsition.s, vory sliarp diffractoci 

X-ray poaks am oxonpUnl wlioii the Bragg cojulition i ,4 exactly KatMod. Any 
mall (lyviatioii iroin tlin as,signo(l p!>siti(nis of tlio atoms drx^H not load to any 
diango to t)io jioak position of tlm Biagg p,ak Imt loads to additional soattond 
inkmsity closo to tho Bragg p„ak. This snattoring is knovm as diffuse X-ray 
soatWg. Study of diffuso X-ray sc.atk,ring has bo<m usrni to deduce elastic 
coiiatanta of single crystals (Raniachandran and Wooster 1951, Wooster 1962 
Hv«lak .1 oUina, ITO), plio,.o„ 

(Sp.It ,U ira l™, „.a ,0,4). h« ata> 

eZl mi, U ZxT.fTiSr'"' 

The X-t»y hiffu*, «att„ri„g obtuinod by luing the ooneontionitl 

e^™,nthi Unique. ^ booster 196, , 
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Phatak et al 1972, Chandra and Hemkar 1973, Cole and Warren 1962) hufferis 
from several nncortainties. There is a significant contribution to the observed 
diffuse scattering due to instrumental errors arising out of the finite divergence 
and lack of full monochroinatization in the exploring X-ray beam. The contri- 
bution of instrumental errors is usu^y very large. Besides the instrumental 
errors mentioned above tho rosolutioii of the data obtained in K space is also 
limited by tho minimum angular rotation available with the turntable of tho 
diffractometer. Most of the time 1/K)0th of a degree of are has been used as 
the minimum angular rotation. Becotitly, rotations of about 1 sec. of arc have 
been reported (Mohling et al 1970). Wo have develoi)efl a now tcxjhnique for 
measurement of diffuse X-ray scattering at high resolution. This twhnique 
emi)loy.s a triple crystal X-ray diffractometer developed by us. Tn this paper 
we briefly describe tl\is technique and illustrate the use of this technique with 
ail example. 

2« Experimental description of the instrument and some results 

In tho triple crystal diffractomer a highly luonochromated and collimated X-ray 
l)oam of very small dimension has been used as the exploring beam. A schematic 
diagram of this system is shown in figure 1. A Hilger Y-31 microfocu»s X-ray 
gem^rato^ has been uscul as a source of X-rays. Both point and line focus sources 



Figure L A sohematic diagram of the triple crystal X-ray diffraotometer. 
X is tho focal spot of the X-ray generator; Ci is a collimator having one end 
opeiTand a vertical slit on the other end; Mx and are two monochromator 
crystals with faces parallel to (111) and parts of the same block; Ti is tho 
turntable used to lign Mx, is another collimator having one end open 

and a vortical slit /Sq on the othoi* end and used to stop all other radiation 
except the beam: is the turntable used to align the specimen crystal 

and D is the scintillation counter used as an X-ray detector. 


have been used. The X-ray beam from the generator is collimated with tlie 
help of a collimator Ci which has a fine silt 8^ at one of its ends. The X-ray 
beam emerging out of Cj falls on monochromator Jfj, which is mounted on a 
turntable In fact Mi and M 2 are two monochromator crystals which are 
parts of the same crystal block and are in (1, —1) configuration. Wl\en Mi is 
adjusted for diffraction of eollimaterl X-ray beam, the condition of difft actioii 

10 
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fn,m i/, «ut«iuutioaUy Tl^c dinporaion attainable with thoBe mono- 

chromatora is very lugh- 'flu, diflraotod beam conaiata oi well resolved K,, 
and K,.. boa, us whou lino foous source is used. With point f 

either K , or beam is obtained. l<’igure 2 shows photograplis of the diffracted 
and the residual diiect l.oanis recorded with point as well as hue focus sources. 
The diffracted boa, us and the residual direct beam pass through a second colli- 
.uator 6V TJie positio.i of 6'., is so adjusted that only X-ray beam is allowed 


DIRECT DIRECT 



Figure 2. (a) A photograph of tho monochroinatcd X-ray beam due to 
cjomponent and tho rosidual direct beam, A spot focus source (40 /«m on 
tho anode) was used, Tho film was hold i)orpendicular to the X-ray beams 
betwocn M2 and tho spocirnon crystal. Note tho sharp K^x beam, (b) A 
photograph of tho two inonochroinated X-ray beams duo to K^i and Xa2 
components of tho characteristic radiation and tho residual direct beam. A 
lino focus X-ray source was used. The film was held perpendicular to the 
X-ray beams between Jli2 and the specimen crystal. 

to pass tJiroiigh slit fixed at one end of Tho other beams are stopped by 
8^. Tito boain (^mc^rgiug out of 8^ is used as tho exploring beam for tho 
spociuion crystal. TJ\o sptjcinion crystal is mounttMl on a standard two arc 
goniometer wlticli in turji is mountcH^l on a turntable A scintillation counter 
IB mounted on u radial arm of ft is po&siblo to rotate the crystal and tho 
dotootoi by a few see of are. Tho xmsition of the crystal can be measured within 
Olio second of arc. 
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Tho high degree of collimation and nionoohroraaticity of the exploring 
X-ray beam leads to very narrow diffraction citrves. Figure 3 shows a typical 
diffraction curve of a (111) silicon single crystal recorded for 111 reflection in 
symmetrical Bragg geometry. The shape and half width of this curve is fairly 
close to the theoretically expected values. Tire diffuse X-ray sc attering measure- 
ments are performed around this jieak. 



Figure 3. A typical diffraction curve of a perfect (111) Si single crystal 
recorded in symmetrical Bragg geometry for 111 reflection, on the triple crystal 
diffractometer. The observed half width of this curve (5 sec of arc) is very 
close to the theoretically expected half width for this reflection. MoTC,! 
radiation has boon used. 

For diffuso scattering inoasuromonts tlio crystal and dotootor are mis-aot 
by predetorminod angles in order to explore the region around a reciprocal lattice 
point. Figure 4 shows a plot of intensity of diffuso X-ray scattering as a function 
of 1/X® for inoasuromont.s obtaiiuKl with a dislocation free (111) silicon single 

crystal around 111 relp along [1111, [IHl, [Oil] and [Oil]. K is tho vector that 
joins the elemental volume of reciprocal apace under investigation to the recipro- 
cal lattice points. It is soon from this figure that the slope of the lines for K 
parallel or antiparallol to reciprocal lattice vector (rel vector) is larger .than that 
for the lines with K perpendicular to tho rel vector. Also there is anisotropy in 
the intensity of diffuse seettering when one explores along two directions 180“ 
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to each other. Since the half width is 5 sec of are diffuse scattering measure- 
ments are made at |if | as small as l-78xl0»cm-^ and successive measurements 
are made at an interval of 3 96 X 10* cm-‘. This has been possible because of 
high resolution attainable by the triple crystal X-ray diffractometer. In these 
measurements there are no instrumental uncertainties. 



’/K*^X 10‘® cm® 


Figure 4. A typical high resolution intensity of diffuse scattering I vs 1/K“ 
plot for a (111) silicon crystal. 


ThoKo rosults hIxow that it. is not poasiblo to uso convontional theory of 
thermal diffuse X-ray soattoring to understand this data. Apparently the 
observed intensity of diffuse X-ray scattering is due to thermal diffuse scattering 
as well as Huang scattering. However, it is obvious that as a now high resolu- 
tion technique this can bo very useful in exploring the reciprocal space very 
near reciprocal lattice points. We are using this technique for detailed investiga- 
tions of diffuse X-ray scattering in perfect silicon single crystals. Details of these 
results will be published separately. 
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A comparative study of perfection of CVD grown and 
Czochralski grown a-AUOs single crystals by X-ray 
diffraction topography 

Krishan Lai, Vi jay Kixniar and Ajit Ram Verma 

National Physical Laboratory, Hillside Hoad, 

New Delhi- 110012 


Abstract. Results of study of perfection of (0001)a-Al2O3 single crystals 
grown by chemical vapour deposition (CVD) and Czochralski method are 
reported. The diffrac- tion curves of Czochralski grown crystals were 
observed to consist of several fieaks separated by a few minutes of arc 
from each other and extending over several minutes of arc. This observation 
reveals the presence of low angle boundaries in these crystals. Topographs 
of this type of crystals wore recorded by aligning them for most intense 
diffraction peak in their diffraction curve. Thes(» topographs also show the 
j)rosonco of low angle boundaries. The angles of mis-set between adjoining 
Bubgrain were determined. The value of the angle is approximately 2 minutes 
of arc. Therefore, it is seen that those crystals arc not perfect crystals. The 
perfection of CVD grown aA^Oa crystals was found to vary with distance 
from the seed. Regions surrounding the seed were found to bo imperfect 
like the Czochralski grown crystals. Those regions which w^ero away from 
the seed were found to bo nearly porfoet crystals. These contain few isolated 
dislocations. These dislocations were characterised by using contrast 

analysis. Most of these dislocations wore found to bo edge typo with Burgers 
vector b along [2110] and lino vector n along [0110]. 


1. Introduction 

a AlgOj, single crystals at<‘ being widely as su])strat(’> materials for singk^ 

crystal thin films, as laser materials and in other industrial applications. Besides 
tin pniity of those materials, poifection also has a significant influence on the device 
ptiformanee. The jjerfection of single crystal thin films depends strongly upon 
the perfection of the sid)strate single crystal. a-Al^Og single crystals have been 
usually grown by Vermunl method and Czochralski method. Recently, these 
grown from \ apour phase by using chemical vapour deposition 
( ) iiu'thorl. Tn this papr^r we report results of study of perfection of CVD 

grown as rvell as Czochralski grown a-Al,0, crystals by transmission X-ray dif- 
traction topography, 

2. Experimental 

.W (^mo roS ml! '"'ere obtained from Dr. 

' ^ • the IBM Thomas J. -Watson icsearch centre, York Toym Heights, 
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X-ray diffraction topography 

New York. The Czochralski grown crystals wore obtaincHl lioni Dr. P. Tliuiua 
of the Physikalisch-Tochnische Bundensaustalt, Braunschweig and Berlin, West 
Germany. All the wafer wore cut perxKuidicular to [0001 J. 

The X-ray topography camera and the microfocus X-ray geiiei ator used in 
this investigation have been develoiJ(^ in tlic NPL. The details of tJie X-ray 
diffraction topography camera l\ave b(jim deScribo*d clsewlicre^. Verma eU ah 
1974. The microfocus X-ray geiiotator is a demountablet yx^e system with 
continuously running vacuum Lai ah 1975. In this investigation lino focus 
source has been used. MoKa^ and AgKa^ radiations have btx^n used. 

Most of the topographs have boi(^n recorded on Ilford L 4 nuclear emulsion 
plates with 50/4m thick emulsion. :Por j)rciimiuary work Kodak Periapical 
dental X-ray films Jiave been used. 

3. Res^ttlts and disens^sion 

The idea of state of perfection of a single crystal can bo had from its diffraction 
curve. Nearly perfect single crystals are expected to give well defined peaks due to 
Kaj and Kag comx)ononts ol‘ th(% cliaracteristic radiation®. Diffrac tion (;urves were 
recorded for all the crystals that were investigated. Czochialski grown crystals 
gave diffraction curve consisting of several ix>aks. Figure 1 sliows a tyi)ical 


2110 REPLECTJON SAMPLE I 



Figure 1* A typical diffrfwjiion curve of a Czoohralski grown (0001) a- AI2O3 
single orystal wafer recorded using 2110 reflection with AgKa radiation. 
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xr nf a Czochralski giown wafer. The various peaks in this 
Hep^arlted from each other by a fow minutes of arc. This suggests 
that low angle boundaries are present in these crystals. 

To eonhrm the pu^Sencc of low angle boundaries, wo have recorded X-ray 
<, hs of Ihose ervstals. Figure 2 shows a typical set of topographs of a 
After rcK-ording the topograph of Figure 2a the 
^ fii ■ was mis s.-t by two minute of arc around a vertical axis and the 
topograph slionn in Figure 2b wa.s reeordtxl. It can bo seen that these topo- 
!raphs correspond to rather imperfect crystals. Low angle boundaries can be 
° 1 in some regions. This re, suit is eonsistant with the diffraction curve 
Town in Figure 1. The api)earance of the region marked A is different in 
Vijiure 2a and Figure 2b. In Figure 2a it appears as excessively bl«k 
whereas in Fig. 2b this appears as white. This shows tJiat the region of tlie 



3mm 

Figure 2. Atypical set of projection topographs of a Czoohrolski grown (0001) 

a-Al 20 g single crystal wafer. [2110] diffraction vector and AgKa, radiation 
wore used 


Figure 4. Proji'ction topographs of a CVD grown (0001) a-Al^jOj single oiystal 
wafer roeoriloil with Moivaj radiation. Diffiactiou vector was parallel to 

[2110J and (1210) in (a) and (b) rosiwctively 
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X-ray diffraction topography 

crystal coriospondiiig to A is luiHoriented witJi rospoot to tho surrounding 
r(^gions by about two minuios of arc. Indeed by aligning the crystal for different 
peaks in Figure 1 different subgraiiis can be photographed. 

In tho eVD grown ciystals tJie perfection of a region was found to strongly 
depend upon tlio distance of this region from the seed. At the seed crystal inter- 
face a lot of strain was observtKl L^l & Kumar. However, regions of these 
crystals away trom the seed portion were found to be nearly perfect. In this 
paper wo will briefly describe tho results of study of perfection of the perfect 
portions. ' 

Figure 3 shows a typical diffra^Hioii curve of a OVD grown nearly perfect 
single crystal. Well resolved diffraction peaks due to Ka^ and Ka 2 components 
of the characteristic radiation are obsm ved. Tho pc^aks diio to KcCj and KcCg are 
fairly sharp. This shows that this crystal is fairly perfect. 



Fig. 3. A typical diffraction curve of a CVD grown (0001) a-AlgOo single 
orystcbl wafer recorded uuing 1210 reflection with MoKa radiation 


TransmiBsion X-ray topographs of nearly perfect OVD grown wafers were 
recorded in symmetrical Lane geometry with diffraction vector along different 
direotioufi. Figures 4a and 4b are typical projection topographs of a good CVD 

11 
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grown vvafor riHuirclod witli iliffi action vocitor g parallol to [2110j (uid [I2l0], 
rcsjwiotivoly. I’or rccuiding both tln»^o topographs the wafers were aligned for 
Kuj liwliiition III UiLs ciyslal (Wuh'iitly no low angle boundaries are observed. 

Oil tlio otli<*r Iniiid .soA onil straiglit lines parallel to [0110] are observed in Figure 
4a. A large region o( tlie topograph is free of any Structure. The Straight lines 
mentioned above ar(> found to bo dislocations. Since the line vector n of those 
dislocations is perpendicular to the diffraction vector g, these lines cannot be 
due to screw disliH ation, since g.b- "ill vanish. Here 6 w the Burgers vector of 
the dislocation. HoAVio'or, for a edge dislocation b i»^ pt>rpendicular to n. If we 

A 

assume tliese hnos to be edge dislocations g i.s pei'iHindicular to n and tlterefore 
maximum contrast is expcsihsl (Verma et al 1974, Lai 1976, & Lang 1970), 
These argunumts suggest that these liiU'S are due to rnlge dislocations. Tlroir 

Burgers vector is exjK'oted to be along [2110]. To eonfirm this result several 
topographs with g along different directions were rtHiorded. Figure 4b shows a 

topograph in wliich g is along [1210J. iSinee this dirwition is close to [0110], g is 
nearly paiallid to » and tluuefore, the vmfieal lines observed in Figure 4a have 
nearly disappeaiud in this topograph. Tliis confirmB our eonclusion that these lines 
arc due iti edgir dislocations. .Slip .system of a-Al^Oj has bei»n worked out (Belt 

1907). [2110] is one of the slip directions in this system (Belt 1967) and thcre- 
toi'e, our I'esrdts are (piite consistent with these results. Czochralski grown oAlaOs 
has bi'eii investigaterl for perfiKition earlier also (May & iShah 1969). These 
investigations ha\e also shown that Czochraiski growrt crystals have high dis- 
location (lensit \". The luescnt results .show that CVl) growrr crystals corrtaiir lew 
dislocations (3’’ignro 4). Largo rtgions in Figure 4 arc practically dislocatioir free. 

This investigation shows that CVD growrt crystals cut away from tiro seed 
are mote perlieot than the (Jzocliralski grenvn crystals and ixrrhaps the moat 
perfect a-AljOg crystals. 
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Diffusion of gallium into silicon 

B C Chakravarty and A Prasad 

Division of Materials, Nalinnal Physical Laboratory, Hillside Road, New 
Delhi- 12. 

Abstract. A comparative aitudy has been carried out of the diffusion of 
gallium into bare ailioon and, into oxide oovopod sibcon. The junction depik 
and the doping profiles were determined by anodically sectioning the diffused 
wafers. The surface concentration is found to be higher in case of bare silicon 
and contrary to the published rosults of Nakajima and Ohkawa no onhanco* 
rnonl in junction ii(3pth is observed for diffusion of gallium ini<j silicon through 
oxide at llOO’C. 


!• Introdnction 

Gallium and aluminium aro the two group III impurities which diffuse readily 
through silicon dioxide. Their diffusion coefficient in silicon dioxide is 3-0 
orders of magnitude gremter than most common donor and acceptor impurities 
like boron, phosphorus, arsenic and antimony (Ghezzo and Brown 1973). There- 
fore, gallium and aluminium get diffused into siii(*on oven when silicon is covered 
with silicon dioxide. While this makes them generally unacceptable for planar 
technology, they have th ‘ir own usefulness in the high power field, whore the 
emphasis is on deep diffusions. 

Gallium diffuses into silicon through silicon dioxide are carried out both 
by open tube and sealed capsule techniques. A question of common interest 
to both the open tube and closed capsule techniques is — what is the effect of the 
silicon dioxide layer on the two primary parameters of a diffusion, viz., the 
surface concentration and junction depth ? A good deal of work has been 
reported (Wagner and Povilonia 1974) on the open tube diffusion of gallium 
into silicon through silicon dioxide. In case of open tube diffusion, it has been 
found that the diffusing species are gallium oxide (Wagner and Povilonia 1974), 
GaaO and the oxide is found to retard the diffusion process as evidenced by the 
marginal reduction of junction depth (Wagner and Povilonia 1974, Grove et al 
1964) and surface concentration (Grove et al 1964) due to tlie presence of the 
oxide coating. Closed capsule diffusion of gallium into silicon covered with a 
layer of silicon dioxide has been reported by Nakajima and Ohkawa (1972). 
They used an evacuated quartz capsule and sufficient ojomental gallitiin to 
establish a saturated gallium vapour atmosphere inside the sealed capsule. 
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Diffusions were carried out at a temperature of 1000°C for 60 minutes. The 
surface concentration was determined by four point probe method and the junc- 
tion deptli was determined by angle lapping the diffused wafers and then 
delineating the junction l)y staining the boveUed samples chemically. They 
reported an onliancoment of about 20-40% of the junction depth in the (111) 
direction caused by tlie pre.senco of the oxide. Their junction depth was of the 
order of 0-5 microns. The surface concentration was higher for bare silicon 
than for the oxide covered one. 

VV(! carried out closc^d capsule diffusions of gallium into bare silicon and 
into silic(*n through silicon dioxide' at a temperature of llOO^C for 10 minutes 
which yielded a junct ion depth of 708<t A ibr bf)th bare and oxide coveredslicos. 
It was observed that neither angle lapiung nor grooving is accurate enough to 
determine small changes in the depth of such a shallow junction. In order to 
overcome this difficulty a high resolution anodic oxidation method has been 
employed to determine th(! junction deptks and doping profiles. This method 
has two distinct advantage's. Firstly, u'ith sufficient care, this method allows 
measurements to bo made to an accura<‘y in oxid(! thickness of ±1^0 A corres- 
ponding to a silicon layer thickness of A. Sccondl,y, the suecessivo layers 
removed an' parallel t.o the surface and to themsc'lves. 

2. Theory 

Lot us consider a one dimensional diffusion model where thif interface of silicon 
dioxide and silicon is taken to be at x ^ 0. The concentration of gallium at 
the interface is assumed L) be JV„. Becaus<' of the very high diffusion coefficient 
of gallium in silicon dioxide, the concentration f»f -gallium at the interface is 
always maintained at N and is independent of tlw' oxide thickness. The diffu- 
sion of gallium into a sciini-infinite region through the a; = 0 plane is given by 
Pick’s law of diffusion 


dN{x, t) _ <r-N{x, t) ^ ^ 


( 1 ) 


whole N(x, /) is the concontrai ion of diffusing species and is a fimetion of time t 
and distanci' a; from (he .r = 0 plane, D is the diffusion coefficient of gallium in 
silicon. The boundary and initial conditions are respectively given by 


and 


^( 0 , t) - N, 

N{x, 0) - 0 


( 2 ) 

( 3 ) 


The solution (Burger and Donovan 1967) of the diffusion 
the above conditions is 


equation (1) under 


N{x, t) r= erfc 


X 

2{Di)i 


( 4 ) 
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whence the junction depth is 

X} = 2(Di)* orfc-i ^ j (6) 

Here Nt is the non-diffusing backgroimd ronecntration. 

3. Experimental Details 

A single crystal of conducti\’it3'^ and 40 ohm-cm resistivity was used as 

the starting material. Slices eut p^alJel to the (111) plane were lapped flat 
and polished mechanically. The sliees vere termally oxidized in wet oxygen 
at 1100°C to form an oxide ihi<*kiu‘ss of about 0*5 microns on tlie surface. This 
surface oxide was stripped in HF to remove tlu^ surface damages caused by 
lapping and polishing. 8ome of the slices so freed from surface damages were 
reoxidized at the same tem})erai ure for different times to form oxide thicknesses 
ranging from 0*5 to 1*0() microns. Both oxidized and bare slices alongwith a 
dot of 5N jmre elemental gallium were sealed in a (piartz capsule, evacuated 
to about 10“® mm of Hg pressure. The quantity of gallium was sufficient to 
establish a saturatxni va])our pressure of about 10“^ mm of Hg inside the capsule 
at the temperature of diffusion. Diffusions were carried out at llOO'^C for 
10 minutes. 

Attempts were made to df^tormine the junction depth both by angle lapping 
and grooving followed l)y chemical staining. It was, however, found as reported 
by Wagner and Povilonis (1974) that the edges of tlie stain were too diffupcrl 
to yield any reliable results. kSo, these techniques were abaixdoned in favour 
of anodic sectioning of the diffused wafers. For this purpose anodic oxidation 
of th(i diffused wafers carried out at constant voltages in an anodization 

coll made of perspex (Jain el a/), Tlu^ forming solution AAas ethyhmcglycol 
+0-04{A^) KNO3. To OA^aluate the thickness of oxide formed at a jmrticular 
impressed voltage, tlie cell is calibrated in terms of oxide thickness formed vh. 
the impressed voltage. Tlie method of oxide thickness determination at a parti- 
cular impressed voltage is as follows : — the uafer is introduced in tlio cell and 
a fixed voltage less than th(^ maximum forming voltage (Avhich for this particular 
solution is found to be 380 V) is impressed across the cell. Tlu' slice is with- 
drawn only after the (mrrent. through the c(‘11 falls down b('loAv a predetermined 
minimum value, say, 2 inA as in our case. The slice is then thoroughly cleaned, 
and the oxide colour is compared with a standard interference colour chart-. 
By this technique the accuracy obtained in oxide thickness determination is 
about ±100 A, A calibration curve for oxide thickness vb impressed voltage 
is plotted (figure 1). For our set up, an increase of 1 volt» in impressed voltage 
gave an increment of about 6 A in oxide thickness. The .calibration curve so 
established is used for evaluating the diffused wafers. 
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3000r 



Once tlu; \v'af(*r is anodized at. a particular voltage, the oxide thick- 

ness is found from tlie calibration curve and then the oxide is stripped in HF. 
The thickness of silicon layei- removed in each anodization step is only a fraction 
of the total oxid(‘ thickness. Wo liavo found this fraction to be 0*36 by taking 
the density of the anodic oxide as 1-8 gm emr^ (Wolf 1969). The sheet conductivity 
after each st('p is found with the help of a four point probe. The type is also 
noted by a hot-probe type tester. As the junction is approached (indicated 
by the rtu'^tifying a(‘t.ions shown in the four-point probe readings) the sectioning 
is done at lower voltages in order to remove silicon laj^'ers of smaller thickness. 
In this way the junction can be detected with an accuracy of A. 

4. Results and disrassion 

The variation of sheet conductivity with depth is given in figure 2. From 
these curves the doping profiles are plotted for both oxide covered and bare silicon. 
These are shown in figure 3. It has been found that for different oxide thick- 
nesses, the doping profiles are identical. Therefore, the cuxvo for only one oxide 
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thickness viz.. 0-7 micron is shown. As sho^n in figme 3, the surface concontra- 
tion for the oxide covered slice is 1-4 x 10M cm-3 and tliat for the bare one is 
1'8X 10“ cm ». This result is in conformity with the findings of Nakajima and 
Ohkawa (1972) that the surface concentration is higher for bare silicon than for 
the oxide covered one. The marginal reduction in the surface concentration 



Figure 2 
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could bo duo to reduction of the effective gallium vapour pressure at the silicon 
dioxide/silioon interface. 

The junction depth for both l)are and oxide covered siHcon is found to be 
7080 A. This sliowa that as far as the junction depth is concerned the effect 
of the oxide is nil at 1100°0. This is apparently at variance with the findings 



12 


Figure 4 
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of Nakajiraa and Ohkawa (1972) that at 1000°C, the junction depth is enhanced 
by the presence of oxide. An ouhnncoment in the junction depth would imply 
an increase in the diffusion coefficient and consequent decrease in the activation 
energy. In order to explain tliese apparently contradictory results we propose a 
tentative physical model whereby the silicon dioxide/silicon interface is strained 
which (iausos li)W(u ing of the crystal potentials and so also the activation energy. 
However, at. higher lcm])eraturos these .strains ans relieved due to changes in the 
oxide struct.iin^ and so the activatioji energy is unchanged. The diffusion co- 
efficient of gallium in silicon at llOO^’C is calculated by using equation (6) and 
is found to Ixi 2-lOx lO-^® cm^sec ^^ for oxide covered silicon and 2-06x10““ 
cm^sec-i for the bare slice. As (sxpected, the diffusion coefficients do not show 
any significant variation. 

The normalized profiles for diffusion into bare silicon and into silicon through 
silicon dioxide are shown in figure 4. They are almost superimposed. This 
shows that there is no difference in the shape of the doping profiles of the two 
diffusions and so both of them follow the same mathematical profile. 

5. Gonclugions 

(1) The surface concentrations at 1100°C are l-4xl0“om~* for oxide 
covered silicon and l-8xl0“cm“* for bare silicon. 

(2) The junction depth for both oxide covered and bare silicon is 7080 1. 

(3) Variation in the oxide thickness does not cause variation in the junction 
depth. 

(4) The shapes of doping profiles are the same for both oxide covered and 
bare silicon. 
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TSD study of pyrene picrate charge transfer complex 

A P Srivastava and O BT Mathnr 

Solid State Physios Laboratory, Saugar University, Sagar (M P.), 

1. Introduction 

Thermally stimulated discharge (TSD) technique, is now being extensively used 
to understand low froquoncy dielectric relaxation mechanism in largo number of 
semi-insulators (Van Turnhout 1976). Some workers have used it to analyse 
eleotret mechanism in some materials (Jain et al 1973, Pillai et al 1972, Gross 
et al 1976, Sessler and West 1976). In tliis paper wo describe the results of 
TSD study of 1 : 1 charge transfer (CT) complex of Pyrene and picric acid. The 
composition, purity and GT interaction in Pyrene picrate CT complex have 
been established by elemental, X-ray analysis and IR and UV spectra respec- 
tively (Mathur 1976). 

2. Expeiimental Details 

Pyrene obtained from M/S Fiuka Switzerland was subjected to largo numbe r 
of zone refining runs in a specially designed zone refining unit (Saraf and Srivas- 
tava 1976), till a colourless zone was separated. This achieved the removal of 
tetraceno an impurity difficult io roinovo by usual chemical techniques (Rose 
and Rose 1961). The melting point of zone refined Pyrene was found to lie in 
the range of 160*3 to 150*6°(^, which agroed well with that reported for pure 
pyrene (Weast et al 1964). Picric acid was purified by repeated crystallisation 
from its solution in the mixture of 1 : 2 ethanol and water. The molting point 
of thus purified picric acid was check<'d and found to bo 120°C. 30 gms of zone 

refined pyrene was dissolved in 400 ml of 1 ; 1 mixture of benzene and alcohol 
and filtered hot in a flask. 37*5 gms of picric acid was dissolved in the same 
solvent and filtei*ed in the same flask, which was heated till a clear solution 
resulted. Pyrene picrate got precipitated as a red solid mass on cooling the 
solution to room temperature. Pyrene picrate was further purified by repeated 
crystallisation from its solution. The needle shaped crystals, thus obtained 
were washed with ethanol to remove excess of picric acid. 

The sample of pyrene picrate was got analysed in microanalytical laboratory 
of I.I.T., Kanpur and experimental values of the percentage of the various 
elements compared well with those obtained from its empirical formula 
CmHioC,H,(NO,),OH. The purity of the pyrene picrate was checked by record- 
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iug its IK spootra (Matliur JIHO). W specrtra showed an intense charge transfer 
baud at 381)0 A, whWo d mines obtained from X-ray diffraction, when compared 
with thos(^ ropoited for pyrem* (Kommandeiir and Hall 1961) showed the shift 
of the el(^etroii cloud of the donor towards the acceptor. 

The crystals of pyivne ])ierate wer<‘ pn^ssc^d into a circular discs of uniform 
thickness of 1 nun by subje cting thcjn to a pressure of 5000 kg/cm^, in a specially 
(lisigued, ult.rasouieally cleaned die. The discs were, then, polarised in an 
laeotrode assembly (Siivastava and Singh 1972) at different temperature under 
differemt fu^lds. To do this, tlio electrode assembly was kept- for four hours at 
iln^ (It^sirod tcinjxu-atun^ in a precalibrated thermostat. The temperature of 
tln^ sampK^ was r(‘Corde(l with the help of the thermocouple whose one end was 
plac(Hl in (x>nta(;t with the electrode asscmibly. The electric field was applied 
to the sample foi* four hours at the desiiod constantly maintained temperature 
with the help of Keithlcy model 246 power supply. The electrode assembly and 
the sample w(no allow^od to cool with th(‘ held applied to room toraperature. 
As soon as the sampk^ attained t he room tmnpej ature the field Avas switch(‘d off 
and the electrodes wore kept short, circuited for 12 hours. The sample thus 
polarised was then short circuited through Kththb^y (>90 B electrometer amplifier. 
The tomj)oraturo of the sample was them raised at the constant rate and the 
value of T8D current was noted after every t wo minutes in the beginning and 
then after every five minutes till the sample was completely depolarised. 

The samples were ])olarised at 75, 80 and 85'^C under tlie jmlarising fields 
of 12, 14, 16 and 18 kV/cm. 

3. Results and Discussion 

TSD thermograms ol samplos polarised at 85°C) and at. fields varying from 12 
to 18 kV/cm are shown in figure 1. All the curves are characterised by two 
peaks. The })osit.ion ol })eaks seem to l>o independent of the polarising field. 
From the shape of tlu^ curv(^s, it appears that they are formed by the super- 
position of the two curves, one extending from t 0 to about t = 20 mts and 
the other slightly less than 20 minutes 1,0 the rest of the value of t. The activa- 
tion oaorgios for the two pjocesses were calciilatod by plotting log J vs. 1/T 
(figure 2) and using initial rise method (Garliek and Gibson 1948). The pro- 
coduro of least, squares was adopted to calculat<! the slopes. The values of 
activation euoigies were found to bo cV and 1-78 eV for the first and second 
peaks resix^ctively fo,. all the TSD curves. A linear relation between peak 
current and polarising field was observed for both the peaks as shown in figure 3. 
The current maxima for the first peak occurs at lower temperature when the 
heating rate is reduced. The intensity of the inak seems to be lowered dawn by 
about the same fact, or which is the ratio of inverse heating rates. This seems 
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to agree with the theon'lioal prediction of Me Crum ct al (1967) that first peak 
is due to bulk polarisation. 1 he low value of activation energy of 0-66 ('V fi>r 
the first poak does not. find fai'our vi'ith dipolar mechanism. 1'he activation 
energy (0-66 eV) is s.irprisingly the same a.s foumi by electrical conductivity- 
temperature dopendeneo of polyoty.st,allin<. and single cTystal pyrene picrate 
(Srivastava and Mathur). Pyrene picrate is a weak CT complex as shown 
by the order of electi ieal conductivity Q-x cm-i) and UV sepoetra 



Figure 1. TSD tljormop:rams of 1 : 1 Pyreno piomto CT compJox polarised 
at at fields rangin^j: from 12 in 18 kV/em. 


(Mathur 1976). Tt has boon reported in the literature (Outmann 1969) that 
charge transfer in a weak CT (complex oceiu-s through stcrically favourable align- 
ment between donor and acci'ptor neighbouring molecules. Such alignment 
would occur by a prowss of hindered rotation of molecules carrying induced 
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ionic offoct. giving rise to uniform polarisation analogous to dipolar meohanisxn. 
Such an induced ionic effect is connocted with electronic mechanism because 
of trapping of cliarg(^s by neutral molecules. This seems to account for low 
activation enoigy for the first process. 



rtgur* 2. Oarliok wd Oibaon plot, for both the poak. (log J V.. WjT) 
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VIgisr# 3. Plots of peak current Vs. polarisation field for both the peak* for 
samples polarised at 86^0. 


The second peak may be due to Maxwell-Wagner charging as has been 
reported for many material studied in the pellet form (Van Tumhout 1976). 
The value of activation energy 1*78 eV and amount of charge released (1*0 to 4*0 
/iC/cm*) agree well with those calculated from theoretical models (Van Turnhout 
1976) for M-W process. 
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Effect of dielectric screening on the Lo phonons in SnTe 

K Hamachaaxdraii aiid T M Harida»aii 

Physios Department, Madurai University, Madurai-625021 


1 • IntrcMliictioii 

SnTo has a ainiplo structure of the rocksalt in its paraolocitrio phase. Several 
investigations hav(i made iu the ixast on thfi possibility of ferroelectric 

transitions in this crystal, ft Is found (Watari and Mabsubatra 1975) that the 
transition temperature very much depends on the eliarge carrier con con tratioji 
p in this semiconducting crystal. Recent Raman scattering oxpoiiment (Brillson 
et al 1974) revealed that the transition can bo anywhere between 4“ and 14°K 
for a = 2*0 X fnvestigations wore also carried out on the mixed 

system of GfeTo and SnTe (Bierly et al 1963), and it was found that the transition 
tomi)orature is also a fitnction of the coinix>Biiion of mixing. Apart from the 
‘soft mode phonon’ in SnTo the interest from the point of view of lattice d^niamics 
in the crystal comes from the LO phonon dispersion. The dis|)orsion relations 
(a> versus q) was measurcxl by Pawley et al (1966) on the narrow band gap soini- 
conductor SnTo in [lOOJ direction. Similar to tl\o earlier observation on SnT(^ 
they found an abrupt decrease of LO phonons as q 0. This fact and the 
i>xperimental observations of a peak in the ntughbourhood ol Brillouin zone in 
[lOOJ direction were ascribed by them as arising due to this dielectric screening 
by the charge carriers. Due to the approximate nearness oi tl\e fi:equoiicies of 
the plasmons and LO plionons in SnTe, the dielectric screening is quite prominent 
here as in PbTe. However, no estimate of this screening has boon reported so 
far an<l in this paper we repn3sont the results of sucli as estimate on a simple di- 
electric screening function. Tire effwt of scretming on the LO phonons is dis- 
cussed here on that basis. 


2. Method of Calculatiooe 


First tho lattice dyiiainica of this crystal iu paraelectric phase was attempted 
on tho basis of a shell model, the parameters of which were fitted from the known 
restrahlen frequonoies (BrUlson et al 1974). dielectric constants and compressibih- 
tios (Hanaoh et al 1968). Only the nearest neigirbour short range mteraotion is 
assumed in the calculations. 
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For ostiiiiatuig tlio uonoctioiis to LO phonons duo to scrooning as in PbTo 
wc used the relation 




(wL^ —oiT^) 

e{q, ai) 


wliore COT Mul cof, are tlie resi)oetivt< transverse and longitudinal phonon frequon- 
oies and <jo((j) is tile eorreetwl plionon eorrosponding to tho screened longitudinal 
plionoii. In the ahsoueo of detaikul knowledge of tho band structure, one can 
adequately use tile Tlioiuas h’enni dielectric function its simplest form 

6(2,0) = !+ 


for vory small v^aluos of q(q ^ /r#?) since iopiasmon ^ ^J^Lattice- However when 
the LO modo.^ go to cu/, and hence the dispersion relation for the LO 
modes shows a marked (h‘croase in fn^queiicy as q decreasevs. 

TJio Tliomas-Formi dielectric function is given by 





) (St) 


where the >scrooning radius 4:7rne^l{2iS)Ep can he calcnlatc^l ii oin the cJiargo 
couc(Uitration n aiul Fenuienergy Fc'rnii energy and kp (Fermi radius) 

can bo calculated from th<^ it value wliicJi is obtaim-d from tJie Hall effend iiu'asure- 
Jueiils (Zimaii 1965). 

Since Paw^ley ct ul (1966) ]\aV(; not repoitwl the ft vahu^s of their sample 
used loi measurement, we Jiave estimated c{q, 0) tor two possible eonciuit rat ions 
and with th<Mi corroctwl for senn^ning is evaluatiMl as a function of q in [100] 
direction. 


3* Results und Discussion 

Mio yhcll model used could reproduce fairly the TO phonon diajiersion. Thus 
the lattice dynamical model is thought to be adequatolv satisfactory. The LO 
phonons corns ted foi dielis-tric senn-ning as a function oV q is plotted in figure 1 

vnuV!' V. " ft i« ioun<l that tlio eurve for » = 2-46 

3 above the ex2H»rinu>ntal curve, whereas for n = 1-3x10*® 

of Pawlfv^^/^ “ttovo. In the absence of exact n value of the experimental sample 

1,„tk T 7 r •" «■”■!«!«»■■• Howovor. wo find 

(■'Mhr,r!l “f 60 phonon ««r j _ 0, 

-) In wok of LO fo,- .,,,.11 , v.l„„ M|„w„l |,j „ flat 

.««l.g.l.f„ of u> phonon f„. j V.1UO 
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Work is in progress of ostiniation of many of the interesting pJiysioai pro- 
perties of the crystal using this model. 



Fiswre 1. 

Dispersion Relation of 8sTe along (100). f in 10'® CPS 

n = 2.46x10” pm'® 

n = 1 .30 X 10®o cm-® 

K.xperimontal observnlion.'! 
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Impurity diffusion in bismuth single crystals 

N. K, Misra and V. 8. Voiikataaubiainanian 

Department of Physics, Indian Institute of Soience, Bangalore-560012. 


Non-Fiokian typos of diffusion have attractc^d some interest (Potroplous & 
Roussis 1007) and typic^al of suoli phenomena is diffusion (botli self and impurity 
modes) in bismntJt erystals. Hore, one obtains pro£il<?s of limited penetration 
in v'liie^h tl\e traeer concentration oxliibits an exponential dependence on depth 
and an essential iiuh^pendencc on the time of anneal. Those features cannot be 
explained on the basis of a Fischer (1951) type analysis based on grain boundary 
diffusion, or dislocation (pipe) diffusion. Ellis & Nachtrieb (1969) have corre- 
lated thoir data on the tracer penetration with the presence of mechanical twins 
in which the diffusing species uiuh'rgoes kinetic trapping. It would be desirable 
to have further measurements to corroborate this beh^^'Viour and possibly help to 
elucidate the nature of the trapping process. In the present paper, we describe 
the moasuromonts of impurity diffusion of ®*Rb, ®®Sr, and in single 

crystals of bismuth, and interpret the results on the basis of considerations 
outlined above. 


vSingle crystals of three nines jmrity bismuth were prt^pared by the Bridgman 
method. The central portion of the ingot was analysefl by spark source mass 
spoctronu^try and the total impitrity content was less than 60 ppm. The crystals 
were oritmied by X-ray methods, cut and poli.shed first iiK^chanically etched, 
and tlion annealed and retched. Our work confirms the observation of Ellis 
& Nachtrieb that although great care is taken in surface preparation it is 
impos.si]>l(‘ to eliminate tJ\(‘ inecjhanical twins and retain tl\© nec(^Bsary flatness. 

TJio preparation of tho diffusion samples was carried out by an ion-iniplanta- 
tion tec hnitpie. Tiie ion implantation set-up consists of an ion source, a Wien 
v!r *^ ^ acceleration chamber where the mass separated ions from the 

I accelerated npto 50 kV. A surface ionization source was 

omp oyed. About ions were implanted resulting in surface activities 

thf san^^K ^ of 40 Ko\ Sr*® ions in Bi is ~200 A). After implantation, 
ip es wore annealed in a lui nace at temperatures in the range (220‘'-266“O) 

dfcLTZTr *■“ “““ O' «™“'- ^ 

oJZv ■ TZ '““‘'““O" I'O'U'* doteminod by tho ol«dTOlytio 

im). l.y,„ of ^ 
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meSiSured. Cathodic etching of the substrate crystals was also carried out in 
the post-acceleration chamber in a number of cases. 

A typical penetration profile is shown in Figure 1. in Bi). The plot of 
(log 0) V3 X is linear in contradietion with Fick’s Law^ for volume diffusion that 
predicts a linear variation of (log C) wdth for a ‘'thin” source. Nor are the 
laws of grain boundary diffusion oboyefl as the profiles are independent of the 
time of anneal, as also of crystal orientation, and temperature within the range 
studied. The order of magnitude of the penetration distances is also far leas 
than that on a grain boundary nuHjhanism such as prevails in polycrystalline 
samples — a point tliat has been verified for self-diffusion (Ellis & Nachtrieb 
1969). It would thus appear reasonable following Ellis & Nachtrieb (1969) 
to interpret the results in terms of a modified Fischer analysis using a kinetic 
trapping term as summarized bolow' : 



Figure 3. profileB f<»r diffusion of Cs ii\ Bismuth. 


The modified diffusion e(iuation 
dCldt -- D\0K^ldy-)-kC 

has a thindayer solution, 


Cm 


s 

Virtyt 


g- f -kc 
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no that till! (ioiicoiitnvtion of trappHl material, 
t 

<h{y> 0 J 

0 

If tJu^ valiKiK of T)' and k an» siich tJiat the tracer concentration is immobilized 
at tiu! value (jorreHiwnding to 

- Wk/fy r II 

This yields a i)r(»rde. indej)end(Mit of time, wliose slope yields «/j ln2/\/F/5' 

-- effective ]\alf-len}<th for trapping at a twin boundary, i.e., the migration length 
for which the effective probability of trai)ping is 0-5. The table below gives 
for *«R]), "“Sr, «®Ba, and “'(Is. 


Table 


Elemoni 

««Rb 

90Sr 

i33Ra 

«7C8 

aiOBi 

(self-difFn.) 

yi(XlO’^cin) 

1-0 

0-6 

0-71 

1-2 

0-86 


The general agreenumt of these. vahu'S with those reported by Ellis & Nachtrieb 
(1969) and the reproducibility oi' the non-Fickian difftision profiles suggests that 
this pc'culiar featiuti is associated with <liffu8ion in Bi crystals that essentially 
proceeds via grain boundaries with, kinetic trapping and releas(n 

References 

I’otropolous J. H. & Roussis P. 1967 .7. Ohem. Phys. 47, 1491. 

Fisher J. C. 19r.l J. Appl Phyn. 22, 74. 

Ellis W. P. & Njuihtrieh X. H. 1969 ,/. Appl. Phyx. 40, 472. 

Styiis J). L. A Terni/.nkti C. H. 1963 J.Appl. Phya. 34, 1001. 

Mcleggart VV. .), 1956 Electrolytic, and Chemical Polishiny of Metala (Pergamon) 

Morrison H. M. & Rlackhurti 1). A. 1966 .7. Ed. Inatrum. 43, 665. 




tntHan J. Phyt. SAK, 103-106 (1979) 


Spontaneous current emission (SCE) from 
metal'polymer-metal systems 

S. Badhttkrishna and S. HaridoHis 

Dapariment of Phyaiosg Indian Institute of Technology, Madra8-600036. 

Abstrmcrt. A spontaneous current has been observed when a metal-polymer- 
xnetal structure is heaied. Polymers studied include poly ethylene (PE), 
poly vinyl chloritle (PVO), polystyrene (PS) and poly tetra fluoro ethylene (PTFE) 
of which the studios on PVC are discussed in detail. Apart from the sltori- 
circuit cuironi, open-circuit voltages across the metal-polymer-inetal system 
has also been recorded and the use of stich a structure as a dry cell has been 
discussed. In th(' light of tho experimental results, tho various liossibilities 
that can account for such a phenomenon are explained . 


1. Introduction 

Extonaivo studiea on polyinors uaiug therjually stimulated currents (TSC) have 
boon made, because of tho relevance of didwtrie studies on molecular mobilities 
and relaxation times, which are often of direct eoncein in mechanical Ix^haviour. 
A background current from the virgin i>olyiiM«r sample in a TSC measurement 
has ahvays boon observed in many eases (Barnes el ul 19()9, Kamican & hleming 
1972). Recently spontaneous currents from i)oIy ethylene tetraphthalato (PET) 
are reported (letla et al 1975). Wliile studying TSC in poly vinyl chloride (PVC), 
we have obuorved a spontanoou.s current above 310'K even from an unpolarised 
sample. Tn this paper we present ilie n-sults of systematic investigations made 
on PVC in comparison to those on indy ethylone (PE), i)ol\' styrene (PS) and poly 
tetra fluoro ethylene (PTFE). 


2. Experimental 

PVC resins supplied by Chemplast, India were used in the experiments. Those 
wore made into discs of diameter 1-3 cm and thickness 0-6 mm. Electrodes were 
prepared by evaporative coating of the different metals over tho polymer thin 
specimens. The current and voltage meastiremonts were made by placing the 
sample in a chamber whose temperature can be increased at a linear rate. 
Keithley 610 C oloctrometo was ustsl for all tho measurements. The tempera- 
ture was moniterod using an irou-constantan thermocouple. 


3. Resttlta and diaenssions 

TIvo *ort<i,eult wrront. for «» .ho.-n in 

Item. 1 T)w»i8n ol tho «imont diff«onl tur<U0<>r.nt «mpl« urd th« 
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ma^iitudo ttlHO varied iiuju saiiiple to sample for the same electrode Byatem. 
In the case of Zn-PVC-Zn and Ag-PVC-Ag there was a reversal of the sign 
of the current. However in all tho metal— PVC— metal systems studied, the 

geiioriil featurcf^ obscn’Vf^d arc • 





Figure 1. Electrodns’ porfornianft* : S.C.K. in metal— PVO-inetal eystonoH 
— Ag, Zn, -X-X-Sn, Pb. 


(1) initial iiicn^asc of tlio current is from 29O'*-310'^K with a little change 
from Kamj)U^ to sample; 

(2) tho (uirrent roaches a maximum value at tho peak position in 

almost tho same for all tl\e systoms and it is independent of heating rate; 

(3) there is no change in t]\o observations when the experiment is done in 
nitrogen atmosphere; 

(4) tile current magnitude increases from about 10*^'^ at RT to 10"*^ ampH 
at 49()^K; 

(5) the phenomenon is not reversible; on cooling the system at the same 
rati> no current is recorded. Also the thermal treatment of the sample 
broadens tho peak slightly; 

(6) an open-circuit voltage ol ~0'4~0't) V is obtaiiied; this corresponds to 
tho maximuin value at 493‘^K; 

(/) tho activation energy ot the short circuit current varies from 2*0 eV 
to 3-7 eV. 
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In order to check that this ,si)ontaiioou8 ciirixiiit emission is not due to 
iinpuritie**^ present in the sp(‘eitic sampit*-, experinu^uts \v<n*e done on samples of 
various grades and on eomnuMciall^ avaiiahle PVC sheets also. In all theSo 
oases the same features were ohst'.rvf^fl . Similar studies on PS, PE. PTFE, which 
belong to the polyolohue Series, show tiiat is an abrupt incrtuxso in current 

for PS and PE very near to thoh molting temperatures: in tlie (rase of PTFE 
no Hucli eurrent was observed in tihe region RT - 

Similar currents of»ser\'(xl in metal-PET-nu^tal systejns ]>y Feda H al 

(1975). In this case tlm variation of tJve slmit circint crn'ro'iit was related to the 
electrical conduction in the bulk (tl PET; ion spcHties suppli(sl ]>y the oxidation 
reduction n^action at (^k^rtrodt^s wort'- assunuHl to be responsible for sucJi a phcno- 
jnenoiij thougli the dt^lails ol how the leaction talons placid wore not discussed. 
The effwd of magnetic tield on tJie spojitaneous currents fiom PV C in tht^ tempera- 
ture range RT — f20'K was reportcHl (D{‘shpaiido & Khar(‘ 1976). No clear 
cut explanation was given in tliis case also. Irradiation oi polymers with high 
energ3^ y-reLyti w^as found to produce polarisation (Murphy" & Gross 1964) which 
was treat(»d as space charge resulting from the production and absorption of 
Compton electrons. In PTFE sponteiieous currents were obsivrvod by Bucci 
et al (1966) at tmupt^rature^s lower but closer to room temperature; the process 
was attributed to the*- rotation of mol(H*ular comiilexes Indonging to the polymer 
chain. Then^ is 3"et another instant in the litiu’ature w’hcn^ such current peaks 
w ere obser^'ed. Fresli virgin samples of a thiazine cast slabs yiekh'd spontaneous 
\;urreiit curves (Guttman »S: Ke\'/er 1969). This was suggested to be duo o 
the presence of miiuo-regions of glassy" material (jausing persistent interboundarj" 
polarisation; however the process was found to bo reimwed bj’ prolonged anneal- 
ing of the sampU^ at an elevatcM^l ituupt'ratures. 

In tile present case, as the currcuiis obS(‘rv(',d are Jmt leversible thej" cannot 
be due to pyroelectric it 5 ^ Cari^ Juis bwii taken to avoid cunents due to an^r 
possible temi)erature gradient in tJic sysUmi. As tlio (experiments done in 
Nitrogen atmospJvere did not sliow any (hange, the possibility of oxidation reduc- 
tion reaction at the 2 ^^ > 1 3 ' nurt‘ -mental inteifaco at the ( k^vated hmiperatures can 
be ruled out. Also ikj intei bourn lar\' x^^^^arisation can be (expected in the case 
of PVC. IIow(*ver taking into account tiu‘ fertoelectric iiature of PVC suggested 
by Reddish (1966), the onsi^t of tlu' motion of tlie C—Cl molecular dipoles can bi^ 
thought of as giving rise to a displacement ciirii^.nt. As the current peaks are 
observtKl at a point wJu^n^ carbonisation of tlu' material takes place' one can attri- 
bute the phenomenon to tlu' carbonisation process. TJie orders of tJie current 
are too high to Ix) accounted for by contact ek'ctrification . Spontaneous increase 
of currents in the case of PE and PS near their melting 2 >oints suggests a possi- 
bility to think in terms ul Costa Ribeiro effect. jBLow'over iio definite^ coiudusion 
can be drawn about the origin of the currents observed. 
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The possibility of making uso of this phenomenon for the plastics dry cell 
has bwn suggostod by leda c( al (1976). In the present case, though the open 
(iircuit voltage is 0-6 V tlie kmipm-aturc region in which this is obtained is not 
very suitable foi making use of iiietal-PVC-metal system as a dry cell. Because 
tlio thenual dcgiadation of PVC will make the life time of such a coll shorter. 
However Search can bo made for sxfitable plastics to bo used as dry cells making 
use of the plvjnometum of spontaneous current emission (SCE). 
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Localized inodes due to U-centre pairs in RbCl 

S Kalyani and T M Haridasati 
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1. introduction 

Thrt^' inframl act ion loc ali/t^l inodt'S liavt* Ihmui rt'portod roet'iilly by l^oSoiiza 
(‘.t nl ( 1970 ) for ctMitre pair ill RbCI. A tln^ondical (explanation of thcHo modes 
have alrt‘ady Ixven niadi* i)y us on the basis of Clrtsuis function approacli (Kalyani 
and Haridasan 1976 ). Tn tliat work W(0iave tak(*n th<^ d<‘fect spac(? to be consist- 
ing of only tlu* two dc'fecl atoms and two of tlnur munest neighbours, <^ach of which 
liappens to he a common neigl\hour to (uth(’>i‘ ol tU(‘ two defects. Tliis assump- 
tion was jnade for simjilifying tile problem ,and to jnake it manageable on a 
hand (salculator. "Phy.sical intuition jllsti6(^s such a simplihcalion esptn^ially 
for tile loealiz<Hl mod(‘S sinc<^ only tile defecd atoms have displat*(‘monts for such 
modes. How(n’<u% to makc^ the situation more realistic, one s)\ould take intx) 
fU'eoUTit both tll(‘ (bdi^ots and all lh<fir first mughhours, since the perturbation 
may normallv be carri<'<l on to such a deh'ct .spaci*. With this in mind, ue Jiave 
t*stimat(xl the loealizixl nuKh'.'^ due to U-eeiitR^ pairs in JlbCl in this (Uilarged 
d(*fect spai'(» and tlu^ results are tvporbsl tber(\ 


2. Method of calculation 

Tho moth<id of GTwn>‘ fuiK.tiun i« t.niployod horo and th<. details of the theory 
can bo soon in tho hook of Maradudin al (lOOC). Tho localized rn^os can 
be found hv working out the values of the dotenninant ] /-sr(«)^Z(a,) | for 
different «> values and picking out tho a,’s for which this dotormmant is zero^ 
Hero g{<o) is the matrix confititntcHl by tho lattice Greims functions of tho host 
lattice and Sl(<^) is the perturbati<.u brought about by the impurities. Since 
wo assume that only nearest noighhours are involved in 

particular case the total numbor of atoms are 12 m number with two dof^ta 
and lo host atoms and the order of matrix is (36x36). Tn earlier calculation 
tho defect space was only (13x12) and block diagonahsation 
theory yioldL (2x2) determinants wliich could bo readily calculated with hand 
TXZZ.. iwew in the present ca.se we evaluated the determinant using 

rP M 870 computer at ITT, Madras, 
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TJ.<« , nor(lin»l<‘S o) th.> at. mis in the dofwt space are given Iwlow : 


I) (W0)(H ) 
.•)) d(Kt) 

•») (210) 


2) (110)(H-) 3) (UK)) 

(i) (010) 7) (001) 

10) (120) II) (111) 


4) (OlO) 
8 ) ( 001 ) 
12 ) ( 111 ) 


in units of/',, loilt tl’-.' lalfice constant. 


So fit.' n'l.'VivnI indi'jM'ndcnt (Jreeii.s function, s an; 

o>). f/(« ", w). </(+”"■ <«)• !7(+ - • ">)• f/(+T- “) 'O’*! oj). 

SiiU(‘ V(M y siiuill (‘(iniiuiicd to oihor.s they hftvo ho(^n nogloctwl in tho 

calcnlations All thosc^ Okhmis fiiTu-tiotis liavo Ixmmi tak(m from tho compi- 
lations of Hari(la‘^au H al. Th.i^v liavi^ (^vahiatinl tho^o for a>jti}L -01 to 3*99 
at inti^rvals of 0 ()2. (‘i»cn vahn^ aiul (M.ocn vectors of Shell iikkIcI fittol to 

thi^ (^xporiniental phonon cuivcn. wl th<^ inaximuni froepumey of the lattkc. 
Tln^n M(KK\w) cM ^ii' ^vlion^ c is the mass (h^foct parametiM* 

will Ik‘ fionzc»7() only wle-n r(//') is (999) oi (119), namely at 

L K 

Uu' two (Ief(s*t sites. A^(i?;t') expressisl in te*nns of chanL^‘ in Kellonnan’H 
parajriet(» 7 ‘.s A/1 aiul Ai?. No r('‘laxation a’-oitful tlu^ dofoct is assnnuMl and henct^ 
Ai^ 9. TJius, oj) c<)uld 1>(‘ <‘X])r(‘sS(s) in terms of r and AA. AA was 

ohtaiiusl hy fitting it to reprodii(‘c tlie T-centre fu^cincmcy (hi<‘ to single impurity. 
With, this A-'h tli(^ (39 • 3()) deteiminani was evaluated foi- wlotr. vahi(\s Starting 
IVoin 1*91 to 3-99 IBM 379 compnter. 


3. Results and discussions 

TJu* vahu’S (if for >\h.ich. tie* (h'terminant is were pickiMl and a> values 

corr(*.spoiiding to localiz<*d !iiod<»s wen* caleidated. l)m^ to tin* fact at 
limits of coUoL tiom 1-9] to 3-99, all tile CIresms functions are A^ery small, tJie 
dett^iminant vahi.(*s t1w>»nselv(*s W(n*e (juiti' small and henet^ care should he taken 
in pi( king out tin* jmxh'S. \'alu.(‘s of loca]iz(*d modes so ohtaimxl are tabulated 
helow along with, similar Kvsidts from tin* simx>ler model of tlie (earlier calculatioji. 
3’lie i(h*ntin(*ation of c^acli mod(> with, a w value to a partioiUai* irreducible ro- 
pres(*ntation is in jirimuph^ possibly by working out f/(oi) dl(<o) for that ca value 
and diagonalising it. Tlie (*ig(»n vectors corresponding to <ngen A^aliio 1 gives 
tl^e displa renicnt vectors of tliat nlo<l.(^. However, this is a very time cons»umiiig 
proiM^ss with, diagonalisations of (3B v 3(>) matrix, at least 6 times. So in the 
present work this was not attempted, atul only a comparison with earlier results 
was used in determining the ivprf.sentation of the m(Kl<*s. 

Localiz(‘d inodes due to U-Ctme pairs in RbOI. - - - 
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T«Uel 


Model oontaining 


Mode 

4 nearest 
iioighboui’s 
(freq. in errr 

all nearest 
neighbhours 
(freq. in 

Experiment 
(freg. in 

Biu 

522 

491 

515 

Bai* 

448 

467 

482 

Bqu 

391 

454 

445 

Alg 

39fi 

457 


Big 

455 

471 

— 

B%q 

522 

, 464 

- 


TIh' H'sults as oaii In- «(hsi IVori tJ><‘ tabJo i‘(A'(>ol,s tliat tJi(' proH(>Tit 
model is in far-t not ikhmUs) in accounting for th<* localiztsl modes. Even the 
over-.siniplified iiKMlel with less labour and time aclii(*V'C’S this purpose. How- 
t»ver for the resonant modes wliero tb.e host atoms also liave dispJaeenuints. th(' 
present model looks to be. more apjM-opriate. But a calculation later (Kalyani 
and Haridasaii (11)7(1) by the ])r(‘sent auth.ors alst) indictabsl th.at (‘Ven for resonant 
nuKlOiS tile eailii*r imxb'l is (juite siifti'Ment. Th.us om- finds tliat the simplifusl 
nuKlel of tlw' basis of ph.ysieal intuition is quite sufficient in the (>xplanation ot 
both localized ami resonant imxh'S due to r-eentre pairs in alkali h.aides. 
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Lattice scattering mechanism in quantized 
inversion layers in silicon 

r K Basil 

Oontre of AdvHiicod Study in Radio Physios & Electronics, 92, Acharya 
Prafulla Chandra Road, Calcutta- 700 009 

Abstract. When a largo bias is applied to the gate of a Metal-oxide-semi- 
poTiduator-fiold-offoct- transistor, the motion of the carriers in the inversion 
channel booomos quantized in the direction of the gate field. The lattice 
scattering moohaiiisin, which limits the mobility of two-dimensional electron 
gas formed in such layers at high tomperaturo (> 150°K), is the subject of 
investigation in the present paper. Scattering duo to deformation-potential- 
acoiistic phonons is faiily well studied. Ross attention has been given to the 
study of the optical and intervalley phonon scattering mechanism. A review 
of the work done in this area is fir.st made and the shortcomings of the existing 
works are disenssed. Tlu' expression for the relaxation time for scattering 
by high energy optical phonons of degenerate two-dimensional gas is then 
derived. The theory is then applied to the study of transport in (100) -oriented 
silicon surface. The ttunperatures of the different phonons participating in 
the irdorvalloy transitions are determine/! for this purpose. By adjusting the 
roufiling constants of the intervallny and optical phonons the experimental 
ciirvo showing the dofiondencc of the effective mobility on temperature is 
H'producod It is found that using the above? coupling constants the depen- 
dence of mobility on gatc-voltagc may be explained quite well. 


1 . Introduction 

An inv('Tsion hi\w is ]>r(>fbic(Hl at t]i(» surface of a p-typo semiconductor, 

when l;h(‘ (MMiflucl ion baTul at tU(‘ sifrfac<‘ is suffictioutly bent to cross the Formi 
level (Figure 1) Tlus iincision juay b(‘ <?roate(l very conveniently by applying 
a bias io llie gate of‘ a Metal -Oxide-SoiriicondiKtor-Field -Effect-Transistor 
(MOSTET). AVhc;u llu‘ gate bi.as is strong, the width of the potential well along 
the (liiectioii p(?rp(*u<li( ular to the surface is small compared to the wavelength 
ot the c'hrctroiis. Th(* motion of the eltKdrons is thus quantiz(Hi, but the elec- 
trons iir<? free to move in a plan<‘ parallel to the surface (Stern and Howard 1967, 
St(TO 1972 ). Tlu^ i?lectrons thus form a two-dimensional electron gas (2DEG). 

MOSTETs with a Si/SiOg s 3 ^‘<tem are widely iifml to study this quantiza- 
tion phonoineiia. If silicon surfat^? is (100) -oriented, then the two conduc- 
tion baud valleys along [lOOJ-diroctkm in bulk Ri give rise to the two lowest sub- 
bands Ep and Ej, both of which are two-fold degenerate (Stern and Howard 
110 
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1967). The next higher subband E 2 due to tour valleys along [010] and [001] 
directions and is fourfold degenorato witl* elliptic ('onstant energy contours. 
The values of Ei and E^ are, howevo]-, very (jloso to each other (Stei n 1972) and 
in the following discussion wo will assume the energy values to bo equal. I^'igures 
1 and 2 depict the situation for ( 100) -f oriented silicon surfat*(‘ 

INSULATOR INVERSION BULK 

SEMICONDUCTOR 


C.B. 



P-TYPE SEMICONDUCTOR 

Figure 1. (a) Energy band diagram for the cose of strong inversion in a semi- 
oonduotor. JCp is the Fermi level, JSq, Ei and E2 are the three lowest subbands 
for a (lOO)-ori0ntod silicon surface, (b) Schematic metabinBulator semi* 
conductor structiu’o used fi>r inversion layer experiments. 


Transport in tlio 2DEG forniod in silicon inversion layers has btnin studied 
by many work..r,s (Ohwij; and Sullivan 1973a, 1973b, 1973c, 1974; Ezawa et al 
1974; Fang and Fowler 19G8, 197(1; Sah et al 1972; Ning and Sab. 1972, 1974). 
Tt is gcnorally acooptiHl tJ\at plvomui sttattoiing in addition to th.o scaltoiing dut^ 
to surface roughno,ss and by suifaco-oxidc-cl'.argos is tlic rolovant scattering 
uieohanisui for tlic study t)f transport paraiuoters in (lie inversion lajiu (Clieng 
and Sullivan 1973c). Mereover idionon .scatteruig lias been found (o be the 
iloniinant Scattering mechanism at higlxer temperatures (Sail et al 1972). 

Scattering involving deformation-potential acoustic phonons in an in\er8ioiv 
layer has botm studied fairly well by different workers (Ezawa et al 1974, Wu 
and Thomas 1974). This typo of scattering predicts a temperature variation 
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,VS r ' foi tko inoj.ility. wlK'iras tl-' .>x]>orim(M»tal (urve (Fang and Fowler 1968) 
ColloMS a T lav\ . H lots Ixhmi si.,ug<‘Stc(l (Sail nl 1972) that scattering invojv- 
iiiK .■lUTS'Vtii jiJu.iions nIkm.IiI I>.' in< hi<l<sl to explain tiic stronger temperature 
,lepciKieiU(> of Iiioliility. Salt rl a! liav,- <ihtainc(l file expression for mobility 
liimtcd liv oiu-ruetii -plionon si-atti'i ing for a nondegt'iierab* 2DEG. Their theory 
IS net (liiecfly aj)])lieal)le foi tile ease of strong inversion in which most of tile 
eli'etrens lie in tile le>iest siibliaiid A’,,, below the Fermi level and obey degenerate 
stHtisties Fmllterniore, Sah cl <tl eoiisidensl the zone-centre optical phonon 
oiih' The iiitei -.subband transition in silieon may however involve other phonons 
too Another ohjeelion to tli(> work of Sah cl al CBasu 1976) is that they derived 
theiletoriuation potmitial eonstants for optical phonons by assuming Mathiessen s 
riilr wIugIi miiv k-iwl to (.lonsidoralilr rrror. 



c) 

Figure 2. Sotiornatic repreHeiiiation of constant energy contourB and Briliouin 
zones iof the ( 100) -surface of Si: (a) constant energy circles of Eq layer, 
(b) constant energy contours for and E 2 layers. The radii of the circumfi* 
cribotl circles about the Brilhiuiu zones are 27r/a. The possible transitions from 
and K 2 subbaiuls (B) and the intervalloy transitions (C and D) within E 2 
snbbands arc indicatt'd. (,.) Possible transitions from Eq to Ei (V) and Eq 
t.n (^) Hubbands 


In tU(> present study we derive an exprosskm for the relaxation time for 
onorgotie phonon scattering for a degenerate 2DEG and then apply it for the 
calculation of jnobility for (l(KI)-orienttHl surface. The temperature of the 
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phonons involved in the inteisubbaaid transitions are detei mined for this purpose 
and the corresponding deformation potential constants that reproduce the experi- 
mental mobility data are oatimatod. 

2. Theory 

The distribution function /(k) for tlie degenerate 2DEG is expanded as 

( 1 ) 

W'Jioro k is the two-dimcimional crystjil niojncrituni, /q is the equilibrium Fermi 
flistribution, 0 tht> angl<* between Ik and th(‘ .‘trie ticki along source-drain 
jUrwtion, and E is tl\e (energy of llie dieftrons. 

Eq. (1) and tle‘ expression for squared fuatrix ekMuent foi transition from 
k to k' by involving a phofion of eiie.rgy %wh^ viz. 

l:U(k,k')l2 --{Zn^}imu-^Ap/.aoUi^(Nn-\\^^ (2) 

an^ then substituted in th(‘ l^oltzinann <Mjuatiou and after usual integration over 
tile phonon (/-space (Nag 1972) one g«ds for ll‘(‘ relaxation tijiu* 

+-(iV/?-4.l)fl -UE--fio>p)\v(E-^ niOR)-r Nn\i-UE-\ U/?)]}. (3) 

In oq. (2) and (3) Ze tlu^ optieal-phonon d(^foiination potential 
constant j A is Ih.e r.rca of tb.e surfaic. p th(‘ density, vi the soi nd velocity, wj) the 
density-of-stat('s (dfectivo mass, Zav fbe averagt* separation of the electrons 
from the sutfaco and Ne i*^ flu* plxonon occupation number. ?/ is the step function 
lt/(<0) = {)n(> 0) -r- IJ 

The rolaxatioji time for intc^rvalley oi intorsubband scattering may be ex- 
pressed in a similar fashion. Th.e (expression for the relaxation time for transition 
from Eq to E 2 via a phonon of energy hwi is 

+NiUE-tiwt)u(E-n<^t-^)+(Ni+l)[l-UE-hwt)]uiE-non-A) 

ftaji)lu(J^+ftcu|— A)} (4) 

with 

A - E,^Eq, 

For the estimation of phonon temperatures we consider the three subbands 
Eq, El and Eq only and also assume that Ei = Eq. Under this assumption the 
different intorsubband transitions are as indicated in figure 2. The four-degene- 

16 
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rate valleys in the subband havo their extreme 0-86 kmax away 6-om the centre 
(Fohor 1959). Transitions C and D occurring amongst these four valleys are 
uinklapp processes. From the figure it is straightforward to calculate the 
phonon wavovectora. The corresponding temperatures are then estimated with 
the help of phonon dispersion curves (Brockhouse 1969, Dolling 1966). The 
wavovocitors and temperatures of different phonons are listed in table 1- To 
make the analysis lass cumbersome, wo take an average of all the phonons 
cxpi^jtoil to participate in the intorsubband transitions. For the and Ei 
layers we (mnsidor. in addition to acoustic phonon scattering, scattering by 216°K 
and 74()""K phonons. For the layer we inchido 140°K and 170°K phonons 
atso to account for the intervalley transitions within the subband. The relaxa- 
tion times relevant for those throe subbands arc 


Table 1 Wave vector and temjierature of the phonons involved in intra- and 
inter-subband scattering in (lOO)-oriented silicon surface. 


Procosji 

Wave vector 

Direction 

Phonon temperature (°K) for modes 

TA LA LO TO 

V 

0 

. 



740 

740 

A 

0-85 {2nla) 

100 

215 

625 

620 

680 

B 

0*85 (27r/a) 

100 

215 

525 

620 

680 

C 

0-3 (2nla) 

100 

135 

225 

720 

720 

D 

\/2x0-16 (2»r/a) 

110 

110 

176 

725 

725 




~ ^aei 


The relaxation time for acoustic phonon scattering is 


^-1 ^ mpr^ZA ^knT 
pU-'UiAiav 


^ xu(iB-A)for.BiandJP, 


whore Za is the acoustic deformation potential constant. 
The overall effective mobility now takes the form 


Imt) j « 0, 1, 2 


( 6 ) 


(6) 


( 7 ) 
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where < > denotes average over the proper distribution, is the conductivity 
effective mass and Nuv, the total number of inversion layer electrons per unit 
area is related with the surface field Fs and dielectric constant e«j of silicon, by 


~ ^ Sl^te ( 8 ) 

may also bo expressed as 

whoro gv is tho valley dogen<^rac?y ftk tor. Th« siibhancl energies Ej occurring 
in eq. (8) are relatod with the mirfam field by 

Ef - {n^l2mgy'\SI2neFs{j+&^^^^ jl = 0, 1, 2, ... (10) 

whole mz is the nias« along the direction of suri’aco field. 

Finally the average value of inversion layer thickness is 

Zav = S 2njEjlZeF sN (11) 

i 


3. Resultsf and Discussions 

We have attempted to reproduce tlxe mobility-temperature data for an effective 
gate voltage = 32 V obtained by Fang and Fowler (1968) by using the above 
(expressions and the following values of parameters : 

= 2 for Eq and JEj subbands and gv ^ i for E^ subband, = 0*19 
for Eq and = 0*417 for E^^ == 0*19 wio for Eq and Ei and 

— 0*314 for i& 2 > ^2 == 0*916 mo, p = 2*33 gms/cm®. ui = 8*476 x 10® cm/sec, 
eee = 11*8 €o, Za = 7*65 oV. 

The surface field for an effective gate volte^o of 32 V is first calculated and 
then the values of obtained from eq. (7)-(10) by 

numerical solution. 

For the calculation of mobility we have treated the optical-deformation- 
potential constants as adjustable parameters. To make calculations easier we 
have considered only two adjustable parameters : one for 740°K {Zx) and another 
the same for all other phonons viz., 140°K, 170°K and 216^K (Zz)^ We have 
found that if we select Zi = 17 eV and Z^ = 4*6 eV, then the calculated mobility 
values show a dependence and the hij^ -temperature part of the experi- 

mental curve can be explained satisfactorily (Figure 3). The calculated values 
do not, however, agree with the experiment for T < 100®!^, because in that 
range scattering by inirfaoe-oxide*charge» plajm (Jonunant role/. 
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T (“K) - >► 

Figure 3. mobility vophub temporatuiv of olt'ctrons in tho (100)- 

orifmtod Rilioon inversion layer f<>r an effort ive pate voltape of 32 V. 

Tile mobility nt 250 K for (tifforent pat«‘ voltai/os ralculattxi with 

Zj 17 cV ami Z> 4 5 oV an* comjmnxl with the (experimental data in figiii(^4. 
The airoMMiioMt is foi\ri(i to Ik* (pnt(* good, fn figuro 4 wo hav(‘ also included 


THEORY -o-o- EXPT. 



Vg{V0LT) — ^ 

Flgnre 4. Effective mobility, vs. gate voltage at 70*K and 260*X. 
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similarly calculatol valuers for TO^'K, For tho nake of comparison have 
included the values obtained by (‘xtrapolating the expi^iimcnl al curves to 70°K 
and again the agreement is (iuit<'- satisfacitory. CoiiHwh^ring tlu* various approxi- 
mations involved in the pn^sent study, we may then^fore conchah^ tliat the 
scattering model us(v.l iji the pri's^^nt work can satisfactorily exidaiu the lattice- 
Hcatb^ring mobility in sili(‘oii inversion lavt^rs at high temperatiin^s. 
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rate valleys in the subband have their extreme 0-86 kmax away from the centre 
(Fohor 1959). Transitions C and D occurring amongst those four valleys are 
umklapp processes. From the figure it is straightforward to calculate the 
phonon wavevectors. The corresponding temperatures are then estimated with 
the help of phonon dispersion curves (Brookhousc 1969, Dolling 1966). The 
wavovocjtors and temperatures ot different phonons are listed in table 1 - To 
make* the analysis lo.ss cumbersome, wo take an average of all the phonons 
expected to participate in th<f intorsubband transitions. For the E^ and Ei 
layers \ve consider, in addition to acou.stio phonon scattt>ring, scattering by 216‘’K 
and 740' K phonons. For tho E.^ layer wc inchulo 140°K and 170°K phonons 
also to account for tho intorvalloy transitions within the subband. Tho relaxa- 
tion times rtJovant for those throe subbands are 


Table 1 Wave vector and temperature of the phonons involved in intra- and 
intor-subband scattoring in (100) -oriented silicon surface. 


Phonon temperature (®K) for modes 
Procoa-j Wave vector Direction 





TA 

LA 

LO 

TO 

V 

0 




740 

740 

A 

0-85 (2Trla) 

100 

216 

626 

620 

680 

B 

0-85 ( 27 r/a) 

100 

216 

525 

620 

680 

C 

0-3 {2nja) 

100 

135 

226 

720 

720 

D 

V2X0-16 (27r/o) 

110 

no 

176 

726 

726 


= Taei~^ 
^2 ^ ~ 


Tho relaxation tinio for aoonstio phonon scattering is 


rae;-=.- 


xl for Eq 

X u{E-^A) for El and E^ 


whoro Za is the acoustic deformation potential constant. 


The overall effective mobility now takes the form 


fief/ 


e 


!me, j = 0 . 1, 2 


( 5 ) 


( 6 ) 


( 7 ) 
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where < > denotes average over the proper distribution, is the conductivity 
effective mass and Ni^v, the total number of inversion layer electrons per unit 
area is related with the surface field Fs and dielectric constant e*, of silicon, by 

^inv - Fsle„ ( 8 ) 

may also be expressed as ^ 

f ] <'> 

where gv is tho valloy dogenoraoy fac^tor. Tho subband onergiea Ej occurring 
in oq. (8) arc related with the ^lurfaeo fiel(l by • 

= (n^l2mzY'‘^\SI2neFs{j~\-m j -= 2 , ... ( 10 ) 

where Mg is the mass along the direction of surface field. 

Finally the average value of inversion layer thickness is 

S 27ifEjfSGE gN ifiv 

3, Results and Discussions 

We have attempted to reproduce the mobility-temperature data for an effective 
gate voltage = 32 V obtained by Fang and Fowler (1968) by using tho above 
expressions and tho following values of parameters : 

gv 2 for Eq and E^^ subbands and gv = i for E 2 subband, mj) = 0*19 
for Eq and E^ mD = 0417 ttIq for E^, '^e = 0-19 nig for Eq and Ei and 
— 0*314 for jE? 2 , W2 = 0*916 Wq, p == 2*33 gms/cm®, ui = 8*476 x 10® cm/sec, 
ew = 11*8 € 0 , Za = 7*65 eV. 

The surface field for an effective gate voltage of 32 V is first calculated and 
then the values of Ni^p, Eq, jB, and Ep are obtained from eq. (7)-(10) by 
numerical solution. 

For the calculation of mobility we have treated tho optical-deformation- 
potential constants as adjustable parameters. To make calculations easier we 
have considered only two adjustable parameters : one for 740°K (Zi) and another 
the same for all other phonons viz., 140°K, 170®K and 216®K (Zz)^ We have 
found that if we select Zi = 17 eV and Z 2 = 4*6 eV, then the calculated mobility 
values show a dependence and the hi^-tomperature . part of the experi- 

mental curve can be explained satisfactorily (Figure 3). The calculated values 
do not, however, agree with the experiment for T < 100®K, because in that 
range scattering by mirfaoe-oxide-oharges plays a dominant role. . 
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similarly ttalculatol values for TO^K. Foi the sake of comparison wo have 
included the values obtainKl by extrapolating the oxpc'iiniental curves to TO'^K 
and again the agreement is tjuit(» satisfactory. Considei'ing the variotts approxi- 
mations involved in the jm'.sent sttidy, w«‘ may therefore conclude that the 
scattering model us»trl in the jnc'seiit work can satisfactorily explain the lattice- 
seatWing mobility in silicon inversion layers at high, temperatures. 
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High temperature phases in fibrous tremolite 

P R Miikhorjw'. S Bhattacherjoe and G Vijayarea 

Dopartrnont of Physics, I.I.T., Kharagpur 721302 ^ 

Abstract. A specimen of Indian asbestos characterised as Tremolite has been 
heated to temperatures 700°C, 860'"C, 960°C, 1040®C which are around the 
peaks in tlio D.T.A. curve. These samplos were then subjected to X-ray 
fliilraction and oloctron microscopic studies for identification of the different 
phases and theacoompanying structural changes. The results showed the start 
of a new phase transformation at temperature around 860-960°C-thereafter 
with lattice contraction. These results are quite in good agreement with 
electron microscopic and D.T.A. results. 


1. Introduction 


Tromolito i.s Uit> .siini.l„Mt and structurally least l omplicatcd of all amphiboles 
kult ol double silicato chains. The fibrous varieties called asbestos, are widely 
used in science and industry in various forms especially as insulators, both thermal 
and electrical. Although several works (e.g. Zussman 1969, Papike et al 1969) 
have U^n reported on th,* structure of tiomolito, lugh temperature studies especially 
on the fibrous vari('ties appears to have been quite few. One of the earliest 
attempts was made by Wittela (1951, 1952) by thermal method and more recently 
Suono e( al (1973) studiisl the thermal structural expansion of tremolite by X-ray 
nu.tl\od. However, none of tl\eS(> workers atuditni the asbostiform of tremolite. 
Because ot the wide applications and uses of the fibrous amphiboles at high tern- 
peratuies and tl'.e non-availability of adequate data on its various high tempera- 
ture pliases, a detailed investigation in this direction has been considered to be 
ug i y desirable. ^Vs such, we have undertaken a systematic study of a fibrous 
vauety of tremolite amphibolo for reasons as mentioned above by X-ray, electron 
^croscopt, and thennal methods. The present work is the third in the series of 
such work and reports tlie results of a detailed study of the different high tem- 
pera me piasos forimKl around the temperatures indicated by the thermogiams. 


2. Experimental 

Bihar* whfiH ' hased on the same specimen of fibrous tremolite from 

already beon^^r ^ analysis and data on dielectric properties have 

o M m»l. .„d to ,emp.rMutes 760, 860, 860 Mri lOlO-O to M d»«c 
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furnace for four hours each. Each of samples was cooled in a desscioator and 
then taken for study. 

(i) Differential Thermal Analysis 

D.T.A. of the sample was carried out to record the temperatures around 
which changes take place by adopting a method as deflciibcd by Mitra and 
Bhattacherjee (1969). The results of the measurement have already been reported 
(Vijaysree et al 1976). The D.T.A. revealu a broad and slowly rising exotherm 
starting from about 860®C with maximum at 930°C-immediately followed by a 
ahaipor endotherm with peak around 960®^. 

(ii) X-ray Methods || 

Rbie photographs of the tremolite fib|es wore taken in a cylindrical camera 
of diameter 5.73 cm fitted with a suitable lample holder especially dosignc'd and 
fabiicated for this purpose. The liolder can be mounted on a goniometer head 
and fibre can be stretched and tiltwl by a suitable arrrangement. Photograplrs 
were taken using this camera by the usieal rotation method. 

Powder photographs of the samples were also taken for proper identification 
different phases by using a 11.46 cm precision Debye-Scherror camera Nickel 
filtered CuK^ radiation was used 

(iii) Electron Microscopic Sttidy 

For studying the different morphological changes accompanying heating, 
each of the heated samples was subjected to electron microscopic study. Electron 
micrographs of the samples wore taken in an A.E.I.EM6 (London) oleidron micros- 
cope by employing the method as described by Mitra (1963). 

3, Results and discussions 

(i) The weak and broad <^xothei'mic peak (860®C) in the D.T.A. curve is indicative 
of an exothermic reaction taking place in the samph^ around this temperature 
range. This may be attributed to the slow oxidation of tl\e small amount of 
ferrous iron present in the sample (Mukherjee and Bhattacherjee 1976) without 
accompanying any structural change as observed by Wittels (1952). The sharp 
endotherm at 960‘"C indicates tlio occurrence of a phase change in the temperature 
lange which is duo to the loss of structural water along with structural breakdown 
of tremolite into pyroxenes (diopside and enstatite) and silica as discussed by 
Vijaysree et al (1976). 

(ii) X-ray powder photographs of the samples heated to temperatures 
760, 860, 960, 1040°C are shown in Fig. 1. X-ray patterns at room temperature 
and 760®C do not show any change »nd all the liixos including three characteristic 
lines of tremolite at 3.18, 2.71, 8.38A are present in both the photographs. At 
860^0 the d values of almost all the lines decrease showing thereby that a thermal 
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contraKKni oi tli«‘ latlicii in all (linrtinn has started around this temperature. 
Tins ('ornssjxind^^ lo iJu* starting <>1 tl\(‘ oxothcrin in th<' D.T.A. curve. Hence 
It may h(‘ said tiiat tiu* slo^^■ oxidation at this teinp^ratin-e range as discussed 
(»ar)i(*r is acconijianifMl hy a iatticc* (ontraction in alJ dinH’tion. However, the 
fontraction i.s riot nnifV>rm in all direction. 



ffocn 



lOiiO® C 


(D^SO^’C temperature (B) 760‘‘C (0) 860*C 
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At 960®C a Bignifioant change is obsorvod in the pattern. The strongest 
characteristic line of trcmoliio at 8.33A disappears completely and new lines 
at 3.165, 2.878, 2.490A, characteristic of onstatite and at 2.97 and 2.64A charac- 
teristics of diopsido api>oar. Tiiis clearly indicates that at this temperature range 
a phase transformation lias taken plac (5 l^^ith the bn^akdown of tremolito into 
onstatite and diopside and the loss of structural water. This results are supported 
by the D.T.A. observation. The disintogfation products are also crystalline as 
is evident from the powder pattern. Tliis process continues oven upto 1040*^0 
with further contraction of the lattice and sliglit broadening of the linos showing 
thereby tliat the new phases are relatively less crystalline. 

(iii) Fig 2 shows tiiat the fibres piiotqgraphs of tile samples heated at 30®C 
(r()oni tomi)orature), 760, 860, 950 and l(il0°C. 

A close inspxtioii of tlie photograpJis reveals tliat th.(‘ streaks become slightly 
broadei and elongated in Die iiKTidonal plane giving a pattern close to Debye- 
ScJiorror rings at 760®C. Tiiis is tyirical of a fibre with azimuthal randomness. 
Hi jnco it does not show any appaient structural change in conformity with the 
D.T.A. and pow’der data as discussed above. The streaks bwonu sharper at 
950°C indicating an incjreasci in (crystallinity. However, at 1040'''C the sharpness 
of Die spots become loltivdy less sJiowing thereby that Die new phase is poor 
in crystallinity as indicated by Die powder photogtaphws. C values obtained from 
the fibre plcot(»giaphs gradually decreases upto 860''C, thereafter abruptly 
iner('as(*s upto 1040'-"C. This is <lue t)u* formation of new phases as shown by 
pnwdiM- data and (lisouss(d abovcv TJie C values are vory close to Die C value 
of diopsid<» 

(iv) Tiu» elect! (311 luicrograplis (Fig. 3) sliow that the kmgth ol the fibrils 
decrease wuth toiiip.Tatur(^ upto 860'’C' above w^hich the fibres break down into 
almost spjierieal pariicl<»s at 960°C-Du^ t^uuporature at wliich transformation 
takes place. 

4. Conclusion 

From the different exx^erimoiital obseivations it may bo concluded Diat the tre- 
molito fibres break down into poorly cryotallino reaction products viz. onstatite and 
diopside around 960®C. Tliese roai»tion products remains as a part of the original 
powder and the transformation is accompanied by lattice contraction. The 
transformation is not very sharxi and is not complete even at 1040®C. 
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(a) Room Temp. 



(B) 760® C 


Phiiae in fibrous tremolite 
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(DJ 950® C. 
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(E) 1040® C 

Figure. 2. F ibre Photographs at (A) Room temperature (B) 790*C (C) 8<M)*e 
(D) OSO^C (D) IMO-C 



6000 

Figure. 3. Electron micrographs at ; 
(A) Room temperature x 6000 
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(D; 950° C X 10,000 


(D) \m'v 


10,000 
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Infrared free-carrier absorption in non -polar semiconductors; 
scattering by two<short wavelength phonons. 

S. S. Kubakaddi and B. S. Krishaamurthy 

Department vf Physiti«, Karnatak University, Dharwar, Karnataka. 

Abstract. The inlrarod fret* carrier absorption pi*r tilectron (a/n) has been 
calculated in silicon and gromaniuin opnsidoring the* elect ron4-wo short wave- 
length phonon mechanism besides th^ usual clectrou-one jjhonon mechanisms 
following the perturbation theory fqjr an ellipsoidal energy surface with the 
parabolic band model. Jn silicon, ii is found that the calculated («/??)/„<«/ 
almost- agrees with that due to Long^s model in magnitude and is closer to 
the lattice mechanism limited (‘xperimontal data than the other known 
one-phonon models. The variation with the incident wavelength is 

found to be A' ® which is some what less steeper than the oxperim^entally 
observed variation /V'®. Similar calculations in germanium indicates that the 
('lectron-onc phonon oi the acoustic type is the most dominant process and 
the two-phonon process is comparatively significant, over the other onc-phonon 
processes, 

1. Introduction 

It is Well known that the tree carrier absorption (FCA) aristas through scattering 
by impurities and lattice^ vibrations. The FCA depends on both band structure 
and scattering processes. There tore, studit'^s of FCA have been (exploited t(» 
gain knowledge of carritu -lattico interactions in semiconductors. 

Recently, it has been demonstrated by the present authors (1975, 1976a. 
1976b) that tin* electron — two short wavelength phonon interaction contributes 
substantially to the transport properties such as the zeio field mobility, warm 
(dectron (coefficient (%tc., besides the usual csariier-one phonon proeesos. How- 
ever, in such descriptions either om* needs to solve the B(^ltzmann transport 
equation or one has to assume model electron distribution functions such as 
displaced Maxwellian as has been assumed by the present authois (1975, 1976a, 
1976b) in transport calculations. But FCA studies directly leads to an under- 
standing of the scattering mechanisms without nn^ourses to the steady static 
electron distribution function. 

Ganguly and Ngai (1973) hav<c calculated FCA due to electron-two non-polar 
optical phonons in polar seiuiconductois such as InSb and found that the agree- 
gment between the expeudment and theory of FCA was better than tliose due to 
electron-one phonon models. No such calculations exists as yet in non-polar 
semieouduetors which takes cognizanaoe of carrier-two phonon interaction. 
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It is tho aim of tJv; proaont papor to ozamino the importance of the oarrier- 
rwo phonon intora(-ti('n in jion-pular somiconductors like silicon and germanium 
in rCA. Tiic two-pl'.onons under conaidoration are of short wavelength region 
•such that their wave vector .sum q+q = Q is in tho long wavelength region. 
Tlien, it is possible to dolitio tJio two-phonon deformation potential in analogy 
with th(‘ usual one-phonon deformation potential 


2. Calculation of the absorption coefficient 

In the 2»r(“.si'me ol an infrared radiation field of wavelength A, the intraband 
«kvtionie transitions aiv iihonon assi.stcd transitions owing to the energy and 
uioiiii ntum r oriscrvation roqnireinont.s and are doseribablo with in the second- 
onli'i p, rturbation theory Tho transition probability per unit time of such 
tran.sitioii.s i.s givi-ii by 


H (27r/fe) i; A’^’. (6-p)> 


99 








( 1 ) 


where p. b (initial \ alue) and k {final value) are respix tively, the photon and 
electron \va\e vcitins. c is (h(> iihotoii Irccjuciicy; A’j (i -- q and q') is the oquili- 
brimn iihonon clistnbution function. In cq ( 1 ) Hr and H^v ro.spectivoly. 
('K*ctroii-ra(liiit ion and ekretron-two sJiort wavelength phonon intoraction terms 
n’ho.s(( matrix eb'incnts are tho folk>wiug 


and 


h'\Hr\k. Ip-' 





2pFo'*(a»a>')* 


( 2 ) 


(3) 


nhere t is the ojitical dielectric constant; c i.s the velocity of light; m is tho bare 
okHitroiiie mass; a is the second rank tensor expressed in terms 

ol mt and mi tlie transverse and longitudinal effective masses of the electron; 
ko is the wave veetor corresiiotuUng to tile energy minimum of a valley; V is tho 
volume and a is lattice coii.stant of the cry.stal; co and to' are tho circular frequen- 
cies of the two.phonon.s of short wavelength region under consideration; and 
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Nqf) denoteH the produet of dintribution fuiietioiia of the two-phoiiujis 
which aaKiimea the following form : 


Botli phonons emitted : 

Both phonons absorbed : 

Olio phonon (knitted and 

tile other absorbed : J^\A' , 


l)(.V^y-| 1) 




> (4) 


Inserting eqs. (2) to (4) in eq. (1), we get 


,< {NN'SlIiJg^, — E — hv — fe(a> f CO*) I 

-i-{N -{~\)SIE E — hv \ H(oj-\-co' )\ 

~\- N{N^ -{-l)d\E - E ' hv — k(w— a>^)J 

-{ (iV-1 i)N'd\E \ k{a)— (x)')l (5) 

W'liere -v denotes tlu^ various tyjies ol phonon invoh (sl in tlie scattering proct‘SS('S. 
In simplifying eq, (5) Wo assume Unit oj and co' an^ indeixnident of pJion«Mi N\av(‘ 
vectors. This particularly tnu‘, of both Go and Si in tlu^ sliort wavi^h^nglli i<‘gi<ni 
for some of tJu‘ brandies of tJie idionon dispiM-sjon, in as much as iJu^ <lisp(*rsion 
curves for tJiost^ brandies ai*o relatively flat (Brockhousc and fyengar 11157, 
Brockhouso 1959). We sliall now obtain an average transition probability pm- 
unit time W liy averaging If over tlu^ equilibrium distribution of elections iihicJi 
is assunuKl to be of Maxwellian form. Making use of tlu^ well known Herring- 
Vogt transformation (1966) integration over fe, Q, - qJ_q' an^ perfonmKl witli 
tlu) use of ^-function pioperties. Then, Mo get 

W __ ny/2G^aim^ 

9p*a^(dot 

X [1 -{y-myW^'^NN'a^^q^)lv^ 

X oxp(c^,){s., ‘‘A'2(2 +)+z. '^Ki(z_)-\-2z^Kz{z)) (6) 

where n is the electron density in a valley, aj = y — (mjmt), z (hvIk^T), 

/2T), 0^ fiiv^lkst T is the lattice temperature S i^ the tMo-plionon 

5 

oritioal point and it is assumed that a> = <o' ^ (cu^/2) and K^f^z) Ls the modified 

iSi 

Bessol’s function. The eq. (6) is ho basic result of the jirosont investigation. 
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Tha absorption coofficiont per electron due to the two-phonon prooes. « 
simply related to eq. (6) is given by 

(«/„) = ( if 

3, Application to silicon and germanium 

Tn order to eomparo the oaleulatod absorption coefficient with an experiment 
it is roquinsl to find the total absorption c<wfficient por electron (aln)teM, by 
eonsidering tlio various allowed ono-phonon and two-phonon processes given in 
the tables 1 and 2 for silu^on and germanium, respectively. The («/») for one- 
phonon processes are available in liUtratuio and are borrow«>d from Meyer (1968*, 
Spitzer and Fan (1967) and added to eq. (7) whieh leads to (a/«)wtaj. The expres- 
sions and (a/ft) for variou.s individual processes have bwn calculated 

uunu'rically for both Si and Ge making use of the relevent coupling coefficients 
and material paraiueter.s given in table 1 and 2. The results of the ealoulations 
are displayed in figures (1 to 4). 

Now lot us cojisidor the case ol Si. The (ct,ln)totai due to the present work 
(eurvo 1) is shown in figure 1 along with the lattice mechanism limited experi- 
mental valnes as deduced by Ba.su and Nag (1972) based on the experimental 

Table 1. Scattering mechanisms and material parameters used in the present 
work for silicon®. 


Scattering mechanisms 

Coupling constants 

Equivalent phonon 
temperature 

1 . hUravalley Process 

2« « 8-6 eV 


acoustic phonons 

= -0-4 eV 


2. IrUervalley Process 

{DK)f in eV om-^ 

es(K)^ 

ff'-one phonon process 

bxW 

130 

/-one phonon process 

1x10® 

630 

/-one phonon process 

1x10® 

680 

/-one phonon process 

4x10® 

690 

3 . Two -phonon process 

D in eV 

^ s « w 

2T^(a « XX) 

860 

420 

2T0{S, = XX) 

7900 

1340 


(mt/m) == 0 1906, (m,/m) = 0 9163, a«9‘037xl0» om 
P « 2-33 gm cm-®, a « 6-4307 X 10-® cm, f. « 1-33, « M6, 

« 1-07. ^ 


o. Present authors (1976b) 
6. Eaves el ol (1975) 
c. Brookhouae (1959) 
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Table 2. Scattering mechanisms and material parameters used in the present 
work for Germanium**, 

Scattering mechanisms Coupling constants Equivalent phonon 

temperature 

Acoustic intra- valley g,, =^19 eV, 3^ =» — 8*5 eV ... 

Optical intravalley = 3 X 10® aV 430 K 

Optical Intervalley ~ 6x 10*^ 4(V cm“*.^ 315 K 

Two -phonon process X) in eV'^ 

2rA ( = XX) 6 X 10® 240 K 

2TO( ^ LL) ll-SxlO® 802 K 

p == 6*32 gm cm-®, = 0*082m; mi = m; b = 6*4 x 10® cm s-*; 

a = 5*06 X 10-® cm; = 1-31. = 1411, f = 1*01. 

f1. Tho two -phonon deformation potentials selected in the present work also 
fits the zero field mobility and warm electron coefficient (see ICubakaddi 
and Krishnamurthy 1970a). 



Figure 1. Wave length dependence of (a/n)«o/ai for lattice sMttering 
in Si. X : Lattice scattering limitted experimental points as da- 
duced by Basu and Nag (1972) from the experimental data of Spitzer and Fan 
(1967). Curves 1 to 4 are, respectively, due to Present work. Long’s model, 
Folland, Oostato and Reggiani; and Dumke’s model. 
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and J *5 whicl\ in the present case happen to be 1-6. Nevertheless, the dependence 
of {ocfn) on A may improve if a realistic calculation is made incorporating the 
non-parabolicity of the band stnaduro which seems to be considerable particularly 
for FCA where there exists tiie possibility of carriers btnng excited to non- 
parabolic region of the band in the wavehmgth range under considtTation. In 
fact, the recjont calculations of Das and (1976) in semiconductors such as 
GaP, AlSb and PbTe, show that the iiidex of the wave length for each scattering 
me(?hanism increase with the d(^cr(‘asc^ of the energy gap. The enhancenumt 
of index of the case of GaP isi=5:01 for phonon scatU>ring. We expect much 
more pronounced enhancement in seiuicondsictors lik(^ InSb, Si and Ge inview 
of the relatively smaller energy ga^) in thes<s juaterials. TlieJi, inclusion of non- 
parabolicity may be favourabU^ in iniproviag the value ol‘ the index from 1-6 
towards the expected value 1*8 and conS(‘(|uently ’th(‘ oUum' modtds, show'ii in 
figure 1, may disagri^e for similar reasons. 

~ t 6 
10 


- 1 7. 

10 

o 
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6 

-18 

10 


-19 

10 

10 20 

- 2 _i 

2/ X 10 cm ) 

FIgive 8- Wave number dependence of calculated (a/'?dfo«oi fur lattice scattering 
mechanisms in Ge. Curve 1 : Present work, and Curve 2 : {DK)jnira ~ 6 x 10® 
eV cm-' (one.phonon model only) (9 =. 430 K (Chattopadhyaya and Nag 1972). 
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A fow words about tlxo plioiion equivalent temperatures and ooupling para- 
meters uS(hI in tlie present work will be in order. It should be noted that the 
phonon <^qui valent kmiporaturos usixl in the Long’s model are averages over the 
plioiion bnuiclK'S wln^rc^as in tlio prestmt work theSi^ are evidenced by the magneto- 
phnnoTi (Eaves (I aJ 1075) and soooiul -order Kaman scattering (Renucci et al 
1075) experiim^nts. The dc lbnnation potential Su for uniaxial stress which we 
liave S(‘lected, js in agrconumi witli that used by Loggins and Little John (1971) 
to ex^jlain llie stn^ss dependences of relaxation time. The various coupluig 
constants Di for the one-phojion intttrvalley processes are in reasonable agree- 
nu rit witli thoM(» <‘Xisting ni the literature. The two-phonon deformation potential 
constants 2)^ used in the present work are not just selected at random to obtain 
the b<».st fit but agrt^es witli tJiose (h^duciHl from non-resonant Raman scattering 
(^x^ieriiiKMits (Orbach and Stcqdt^ton 1972) and differs from those dt^duct^i from 
stKond-order resonant Raman seathTing (Renucci et al 1975) and magneto- 
phonon (Eav(^s ef al 1975) experinuuits. Eurth(n*more the 2)g values given in 
table 1 also fits the zero field inobility as well as tlut warm elwtron coefiiciimt 
in Si as was sJiown by the prosi^nt authors (1976b). 
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moSh^ina depondonoe of calculated («/n) for variotu lattice 

due to^o^Hn 52!^ 2 Curves 1 to 0 are, reepeotivoly, 

due to acoustic, 240K (2TA), 430 K, 802 K (2TO) and («/n)M.». 
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In figure S we hftve shown for Ge {acln)tctai vs wave numberV of the incident 
radiation for the present model (see curve 1) and other one-phonon model in which 
the intra-valley coupling constant {DK) = fix 10* eV om-^ (Chattopadhyaya, 
and Nag 1972). In figure 4 the various one-j^onon and the two-phonon (a/»)’s 
together with {acln)total of the present model are shown. From figure 4 we notice 
that the acoustic phonon mechanism is the moat dominant process and the two- 
phonon process contributes somewhat larger th*n the other one-phonon processes. 
However, the (a/w) d©p(»ndenco on A is mainly oiptntroUed by {ocln)aeou$tie (curve 1) 
in as much as (ocln)tot<a a A‘*®* (curve 6) and {o^n)geou»Hc «■ A^*** and {ocjn)^p a A^*‘ 
(curves 2 and 4). In order to faciUtato an eJ^rimontal comparison one needs 
to incorporate the non-equivalent intorvalley scfctiering of electrons from <111 > 
to <100> valleys whereas in the present inveat%ation equivakmt valley scattering 
among <111 > alone is considered. 

In conclusion, it may be pointed o\it that the carrier-two phonon mechanisms 
contribute significantly to the FCA in non-polar semiconductors and are of com- 
parable magnitude to that due to one-phonon mechanisms. 

Acknowledgment 

One of us (SSK) is grateful to tlie CSIE, New Delhi for the award of a research 
fellowship. 

References 

Basu F K and Nag B B 1972 Phyt. Statue. SoJidi bS) K61 
Brookhouae B N and Iyengar P K 1087 Phye. Bei'. Ill 747 
Brookhouse B N 1089 Phye. Ret'. Lettere 2 26G 
Chattopadhyaya D and Nag B B 1072 Phye. Rev. B4 1399 
Das A K and Nag B R 1976 (Private communication) 

Eaves L, Hoult R A, Rtradling R A, Tidoy R J, Portal J C and Askenazy S 1076 J. Phye, C8 
1034 

Ganguly A K and Ngai K L 197.S Phye. Rev. 18.6664 
Herring C and Vogt E 1966 Phye. Rev. 101 944 

Kubakaddi B S and Krishnamurthy B S 1976 Phye. Lettere AM 389, 1976a Phye. Lettere A58 
362, 1976b Phye. Statue, SMdi (In press) 

Loggins Jr C D and Littlejohn M A 1971 J. Appl. Phye. 42 866 
Meyer H J O 1968 Phye. Rev. 112 298 

Orbaoh R and Stapleton H J 1072 Electron Paramagnetie Reeonanee Edited by Geshwind S 
(Plenum NY) 

Benuooi J B, Tyte R N and Cardona M 1976 Phye. Rev, 111 3886 
Spitser W and Fan H Y 1967 Phye. Rev. 108 268 



Indian Phys. 53A, K^6-137 (1979) 


Temperature dependence of phonon -magnon bound state 

S. S SJia]i {iiul *T). 1). Dtsslimukli 

Dopartinfint of Physics, Maraihwada University, Aurangabad -43 1002. 


1. Introduction 

fii a niagiK^tic sysUMii it is Jiccnsssary to cimnidvr tJie sijuiiltauoous presence of 
hutJi tlu‘ excitations phonons and jnagnons. TJiis study has become more 
important vsith the* tli(‘oieti(Uil and <‘xp(‘rimental findings about the bound state 
vvitii tlu‘S<^ (excitations (Nagai et al 1973, Torrance el al 1973). Ft was observed 
tliat idiofion and magnon forjn a bound state. Hence wo Iiave sJiown the possi- 
bility of bound stat(' ior tlie tuo-iiiagnon one-phonon proe(\ss fj-om tile energy 
(considerations. In addition we hnl that this bound state should exhibit teiu- 
ptTaUin^ dop(Midcnc(‘. Tsing two particle Gn^m’s function We have seen the 
j)ossibility of t ie- pJionon-jnagnon bound st ate and the variation of binding eiu^rgy 
wiiJi the t(a)ipcnature. 

2. Formulation of the problem 

H(U’e W(i rcH’juulate the lU’obkHii of phoiion-juagnoji bound states tor general 
magnetic, systxMus (Hliah cl a! 197(i). We consider tJu' two magiion-ono phonon 
interaction for uJiieJi tlie hamiltoniaji can ])e written as 

// d k^l>k^l>k \ ^ d q'^llq'dq] ^^-q) (^) 

k q kq 

wluMO If/", W qi* are tln^ magnon and phonon eiUTgii^s, hjf. and (tq^ , Uq are the 
crcnition and annihilation (»p(‘raiors for luagnons and phonons respectively and 
<l>k(i tiu^ x>honon-magnon coupling coeHicieiit. Values of ctnipling co*efficient 
are known from the literature (Sinha et al 1962, Ghatak 1972). 

Now vv(i (bdiiu^ t wo partiede Green's function as follows 

Ft - f)k(t)aq{t); ljk'Ht')(iq''^{t') >. (2) 

Constnudiiig tJie e(j[uation of motion for this Gieeu’s function using the above 
liamiltonian and taking the cuiergy fourier transform, we get 

(i?_ Jf*m_ WgP)G 

27r 

-\-^kq{l+N qV ^ ( 3 ) 
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Again we set equation of motion for the Green's function ^ bje'^aq*^ ^ 

to get 


{E— ^ bfc+q-, bic'+Uq' ' ^ Aj(.(« '_g—aq); 6*' 'a,'’ >■. (4) 


We repeat the above procedure to Hr)lve th(“ two Green’H functions involved in 
eq. (4). Substituting the values of Ghh-ji's functions so obtained into eq. (4), 
w'e get 




<t>^lig(Nk”^—NgP) 

(E-Wk”^ f WgP) 



bk+g - bk 


> 


— —<f>kq < bk(ig; bk'ag' 

Substituting <>q. (6) in eq. (3) wc filially get the ilesircd Green's function 


(1 



(1 -f JV*™ ^^V) 


Wk”^- WgP-\ 

■K-h'"**,?-- 


'<^kg{f±^”^'^Ngi>) 

^hg{Nk”'-Ngi>) 

{E-Wkm+W„P) 




(5) 

( 0 ) 


i( is clear troju the above Grinin’s function that the pole of this Gri'en's function 
corresponds to tile ('Ucrgy of the phonon-niagnon bound state- 


3. Results and discussion 

In order to simplify the calculations ivc take -iV*”' ~ NgP which is fairly true at 
tile very low teniperatuios. Thus the binding energy is given b}’ 

i>hQ{l-rNk”*-i-NgP) 

(E-WP>k~q) ■ 


The denominator of this tie-m should be positive for the formation of bound 
state, i.e . E > The temperature dependent part is associated with the 

terms Nk”* and NgP. Tlieir expliint forms at very low temperature cwi be W'ritten 
as 

Nk^P and NgP 

WitJi suitablo choice of <f>kq the hincliiig energy can be obtained. 
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Effect of post-deposition heat treatment on the electrical 
resistance and structure of germanium films 

B. S. Naidn, S. Mohan and P. Jayarama Roddy 

I>opBriment of J’hy»icB, S. V. U. College, Tirupafci-617602 

Tliin films of germanium (330 to 1760 A) were prepared by evaporating speopure 
(JM) germanium from resistance heated tungsten baskets onto well cleaned 
goldsoal glass slides, maintained at room temperature . The pressure in the 
vacuum cdiarnbor was — ^10 ® torr dtiring dei) 08 ition. The deposition rates 
were controlled by a quartz crystal thickness monitor and were maintained 
around IloA/scc. The film thickness was measured using Fizea-u’s multiple 
beam interference technique. Thick silver electrodes wore predeposited onto 
the substrate and oonnoctions made 1 hrough pressure contact system to enable 
resistance measurements in vatuium immediately after film formation. The 
in -situ measurements of film resistance were made as a function of temperature 
with a Koithley 620 Electrometer during the annealing cj’^cles. When the films 
were heated slowly to around 150''C and then cooled to room temperature, 
there was a slight rise in resistance. But, further heating to temperatures 
higher than 1 50*^0, resulted in a marked fall in resistance. This significant 
docroaso in resistance was observed at temperatures less than 300®C in thicker 
films where as it was not seen below 300^0 in thinner films, thereby showing 
a strong thickness dependence. Structural observations carried out with the 
Hitachi HUllE transmission ©lociron microscope indicated that this large 
change in resistance was duo to crystallisation and the structure changing from 
amorphous to crystalline state. 

1* Introduction 

Tho iiifliioboo of dopotiition parauiotera on the structure of gormauium films and 
tile effect on tlie transport properties have been investigated by various workers 
(Molt and Davis 1971, Grigorovici 1972). The factors that are found to affoot 
the film .structure are film substraU^ combination which decides the lattice mis- 
iaat(!h, surface^ (contamination of the substrate, substrate temperature during 
dcpo>sition, ratc» of dopoKiiion and impurity content, vacuum conditions, film 
thickness and post deposition lieat treatment . It has been shown that amorphous 
structure results if the film is formed on an amorphous substrate maintained at 
ordinal y oi low temperature due to the low adatom mobilities at these tempera- 
tures. Now if tlio.se films are heat treated two things can happen (a) annealing 
of defects loading to an ideal amorphous state and (b) structural transformation 
at some high temperature. 
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Structure of germanium films 

In the proaont work wo report the effect of poat-deposition heat treatment 
on the atructitre and electrical resistance of germinium films formed on goldaeal 
glass substrates maintained at room temperature. The purity of the material 
(germanium), the deposition rate and vacuum conditionn are maintained to bo 
the same for all the films investigated. The structural observations as revealed 
in the electrical resistance data are supported by the electron diffraction patterns. 

2. Experimental 

Spoepure (JM) germaiiium is evaporated from r^istance heated tungsten baskets 
onto well cleaned goldseal glass slides maintained; at room temperature in a vacuum 
of 10”® ton*. Four films are formed at a tinu% (me for resistance moasuremont, 
two for structural observations and the other for thickiu^ss measuromont. The 
distance between the source and tiu> substrate has boon arrangcnl in such a way 
that four films could be formed which are of equal thickness. T]\e deposition 
rates are c*ontroliod by a quartz crystal thickness monitor and are maintained 
around 3oA/S(5c. Thick silver (‘loctrodes prtxlopositod onto tho substrate make 
contacts with tl\e films. Electrical c.oniioctums are made by spring loadixl pressure 
contact system from whicli (jonnocting loads are taken (uit of tho vacuum chamber 
to enable resistance measure] uenis imnuxliately after tho film formatio]i. After 
Ibrmation the film is iT.Ilowod lor natural aging (until the resistance ha>s reached 
a stable value). Then tl\e substaitc' t(>nip(n*ature is gradually raisotl simulta- 
lUMJUsly following tlu^ variation in film resistance. A (thromol-alumol tliormo- 
couple fix<Mi onto the filni side of tho substrate measures the substrates tempera- 
ture. Tl\e in situ measurejni^nt of filnx resistance is made as a fixnction of tem- 
perature vith a Keithley 620 ElcK‘trometer. Ai’tor natural aging, the films are 
l\eat(xl slowly to iiround 150^C and tlxen cooled to room temperature. Once 
again th<» films are b.eated slowly to temperatures higher than 150°C 

Tolaiusky’s nmltiple beam intorforence twhniquc is employed for thickness 
rnoasxu’ement. The thickness of the film is determined to an accuracy of ±10A. 

The structure of tlie films, after the annealing cycles, are observed under a 
transmission electron micros(?opt» Hitachi HUllE oporaUd at lOOKV. 

3. Results and discussion 

The inaitu variation of films resistance with temperature for two typical films is 
shown in figxires 1 and 2. ABC represents the first annealing cycle which results 
in an increase in resistance due to annealing o.i some defects. CBDE roprsonta 
second annealing to a higher temperature. In Fig. 1 tho resistance is increased 
where as in Fig. 2 it is decreased after tho second annealing. This behaviour 
indicates that tho first film continues to bo amorphous with some more defects 
getting annealed out where as the second one undergoes stnxctixral change (as 
shown by the steep fall in resistance during CBD) from amorphous state to poly. 
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(irystallino stati'. TJui elw^tnm diffraction pattern taken on this film (Figure 3) 
after the first annealing and the second annealing cycles clearly support the above 
conclusion. All th(» lilnis w'ith thickness <1(XM)A aie found to behave aimilai to 
the one sJiown in Fig. 1 uJiere as all the thick films (t > lOOOA) exhibit the 
behaviour slioAvn in Fig 2. The temperature region in whicli this structural 
transformation has taken j)laee is found to be 250°-30()°C for films t > lOOOA. 
ft may be that if the thin films (1 > l(M)OA) are heated to much higher tempera- 
tiireH ory.-4taIlinity nuiy in. 



Figure 1. Log H va I fT ciirveH fV»r a film of thickneaft 60oA 

Theye el al (1973) showed tliat the germinium films (lOO-l(MK)A) formed on 
glass substrates at room temperature Were amorphous in nature and that heat 
treatment upt.) 40(>"C did not alter the nattwe of tho films. As the films were 
mated successively to increasing temperaturoa tvithin 4(H)^C, more and more 
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dtvfwjtH v\'oie (diminatwl and thn liJms tt^iid to an ideal amorphous state. TJu‘Se 
films (t < 1(K)0A) however sliowed transition when hoatcnl to 420'’0, But as 
They(' el al HmiUsl their investigatums to only lOOoA. whether tjit‘. transition 
would be observed at th(> same temporatun^ in thicker films could not be estab- 
lisluHl. Wall(‘y and JaoHcJier (1907) deposited g(^nnanium films (3.5045001) 
on corning 70.59 glass and observ{*d the translbnnation in t)u^ range 4.50'-.5(K)°0, 



Figure 2. Log B vs l/T curves for a film of thickness 1485A 
Chopra and Bahl (1970) observ(Hl a sU^ep fall in resistance' at 450‘''(" in gi^nnaniuiu 
films (1(MK)A to Ifi) formed on glass substrates. TJu* transformation was complcti*. 
within a tojnperatto’o increment of 2.5'^C. Chik ef al (1970) Htiulknl the temp(*ra- 
ture dependence of resistivity of germanium films (100-3800A) deposited on glass 
slides and obsorvod the r<»crystallisati()ii to take p}ac(^ in tht> tempf>rature rang(^ 
300".360T. 
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Fingre 3. SAD of a film of thiokneas 1486A (a) after first annealing (b) after 
oeoond annecJing 
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A oompariBon of our results with those of the above workers reveal that the 
transformation is taking place at relatively lower temperatures in our films {t > 
lOOOA). Also in films t < lOOOA no such transformation is observed eventhough 
the deposition conditions are maintained to be the same. This clearly shows that 
the degree of amorphous nature is dependent on tl\iokness also. In the case of 
thicker films (t > lOOOA) the initial layers of germanium might have helped in 
creating conditions for autoepitaxy. 

Further investigations to obtain ideal amorphous films and to investigate 
structural changes by heat treatment for the entire range of thickness (10()-2000A) 
are under progress. 
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Ideal strength of some monovalent metals with a 
pseudopotential model 

A K Mitiii 

Doptutnu'iit nl PJiystrs, Rogioiuil C'ollogo, Durgapur-9, W«Bi 

Heiigul 

und 

V K S(*iiguptii 

Ui'partiiH'Jit oi‘ l*hys)(‘s, I'uiMMsity t»f HunUvaii, Burduaii, West Bungal 

Abstract. By hIj'uI stivngt-h is 1 ht‘ thouivticftl upper limit to the 

nHM'luinicaJ .streiiglli of a perft^cd ci v^ta! of tht; luetal. The ineflmnical stahility 
i>i ji liojiiogein'oufsly doforiiuMl Iatii<‘o. unfltM* a uniaxial stroHs. ih studied by 
apjjlyiug t lie Born slabiliiy erilerin. i.e., by investigating the effect of supei- 
)ioHition, on the piiinary defonnal ion, of arbitrary, very small, lioinogoneous 
(letonnalions. As a model of interatomic interact ions, the ]).soudopoteritial 
lorinalisin whieli provides a fairly n'tihstJe (luantum-mechanical estimation 
of the energy oi the lon-eleet r<»n system is used in contrast to the simplifiod 
ornpirtcal interat<nnic potiaitiai fuiictiuns so far used fiy t)ther auUiors, and 
a.ii effecti\e two-body central-force lon-ion mtcM’action potential is obtained, 
"rhe (Miergy-\\av('-nuinbcr charactormt ic is coinputoil by using Ashcroft bare 
ion form factor (bast'd on a local psoudopoti'iitial aj)])roximat ion) in conjunc- 
tion with a moilificHi Hartrec tlii'lcctric fuiiotioii (roprosont ing the Hcroexiing 
of the bare ion by the conduction electron gas) which includes exchange and 
correlation c'ffects and takes into account the orthogonality correction for the 
c.harge-flensitv of a eodiiction state, ('alculations of ideal < 100 > uniaxial 
tensile and compressive strengths are pc^rformod for hotly -centered -cubic 
lattices of the throe alkali metals, sotliiim, potassium and lithium. Agree- 
nicMit. with experimental observations invariably improves. 


1. Introduction 

lew aiitliors (Maoiuillan Milstein 1971 ) ]\avo made aitoiuptw to apply iho 

stabilit N criteria di^\ (doped by Max Born ( 1940 ) to Study the lueclianical .stability 
of nietal erystalK in flio iirosem^^ ol appluMl forcoH and doformatioiiH, and to cal- 
( ulate tile nltimatc^ stnmgth of niotallie .solids in a juoro appropriate manner. 
Also tlu^ ('ailior authors used simple interatomic potential models which were 
hut poui lepieMSitatious ol thi^ state ol affairs within a metal. In the present 
^vorJv thc! ]>se,ud(»])f)toiitia! tiuHiry (Harrison 19 () 0 ) which is a quite rigorous 
quantum -iiKuJtanical model lor a metal has been used and an effective iutorionio 
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ftmotion (lorivt^d. TJ\r stnutinn^-d^^pciiidont part of tht^ total oiiorgy 
oi tJio cryi';<tal Ko obtained conHWbs of an ion -ion coiilonib energy and an ion- 
clecftron-ion baTul-Htnicture Cinergy. The latter has been calculated with the 
Ashcroft Model Potential (Ashcri»ft 1908) and tlu? Hubbaid-Shain (Hubbard 
1958, Sham 1965) dielectru; screening funotiou including the orthogonality 
correction of Aninialu tind Ht^ine (1965). Tho Born stability criteria have been 
exaininod lor the delorined lattice at v^arious appliwl streSHeK and the strengths 
in tcnnion and cojupression calcidated. Specifi<2i calculations l\ave bi>en j)erforniod 
with the tiire(‘ monovalent simpK' nudals, sodium, iiotassiiim and lithium when 
a stress is appliinl along <1()0> ciystal axis. 


2. The born stabilii.y criteria 

Foi- a crystal lattic^^ homog(in(M)usly defonmd indcr applied forces to be Stable, 
the total system (crystal plus applied forces) i)otontial eiic^rgy must bo at a 
minmiuju. So if on th(^ primary defoimatioji is superpovsed an additional arbitrary, 
but very small, homogcMieous d(d‘onuation, tJie total system potential Ls increased. 

That is, 


t i 




) SdiSui 


( 1 ) 


for stability, provuhxl that 





are the forces acting on thc» lattu^e in the initial state. 

3. Effective interaction between ions in pseudopotential formaliom 

An ion-ion pair intt'raction potential based on pseiulopotential theory has the 
form 


wlierc 


V(r) 


r ’ 


/ q'dq, 
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( 2 ) 


<^(q) 


LW 

HneV-fm 


■ I w’M 2 ) I ® 


fe(g)— J 

fi(g) 


(3) 


Z iw tht* offtwtlvo valwiec and 0(q) is tlie ouorgy-wavo-nuinl>or dharactoriatic. 
e{q) is tlu' imKlifitHl Hartrw dioloetric scrwning function corroct<id for exchange 
and correlation elteots, present in an interacting conduction elwtron gas, and is 
expreSswl as 


e(«) - H-|1-/(3)J 


2KpnK'^ 

IrPg* 



4AV- 


4Kpq 


3'ln 
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with 

f(q) = g'i/2{2^+AV+a',*), ( 6 ) 

= 2KFlnao, a seroening length, a# the Bohr radius. 

In Aslicroi't loual iweudupoteiULal juodel, the bare-ioii form-factoi- is oal- 
culatixl to 1)0 


miq) 


^nZe:^ 


<‘Os (qi'c). 


(«) 


Tc hoing a Hiiitable ioii-ooi'o radhts. 


4 . Calculations for uniaxial stresses 

Starting with tlio oquilibriuni vahio when all Fi arc zero, tl\e lattice parajiioter 
a, is iiicrejneiited by steps, tn each static the applied stress is calculated and 
tlie validity' of (1) examined. The point at whieli any one stability criteiion is 
first violated indicates entrance into the it^gion of instability and the eori’es- 
ponding maxinmm stress denotes the theoietical tonsilo strength ol the metal 
under given test conditions. In a similar manner, the theoretical compressiv^t*, 
strength of the metal could ho detenninod. 

5. Results and Discussion 

The results of our calculations are shown in Table 1 below. 


Table L Ideal strength of buc alkali metals in tension and compression 


Uniaxial tension and 
Compression 

Motal Equilibrium lattice 
parameter in a.u. 

Max. stress or 
theoretioal 
strength x 10**® 
dynes/om* 

Max. strain 


Li 

6*5800 

3*9 

0*0113 

''100> tension 

Na 

8*2600 

4*2 

0-0157 


K 

9*8600 

6*3 

0*0189 


Li 

6*6800 


-0*0038 

< 1 00 > Compressiu n 

Na 

8*2600 

-9*7 

-0*0086 


K 

9-8600 

-7*8 

-0*0069 


No experimental observations on the strength of these pai’ticular metals 
were available to us. In fact, we doubt whether there has been any strongtli 
moasiiroment with th(^ alkali mtjtals of reliable aoouracy. 

\et w'o chose them for our calculations because these simple metals with 
lion-overlapping ion-eoros satisfy the conditions of the pseudopotential theory 
very well and are most suitable for being treated with the said theory. Neverthe- 
less, our oaloulatefl temsile strength values are comparable with the experimental 
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tensile strength measured with another bcc metal Fe under similar conditions 
by Brenner (1966). With raodifieil pseudopotential form factors to include the 
(effects of overlapping d-bands, calculations may be done for usefal noble and 
transition metals. Pro.sently we are trying to do it. 
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Extinction in the case of aggregate of distorted crystallites 

(4 B Mit ra, B K Samantaray and B K Mathiii- 

Dftpartmont of Physics, Indian Institute of Technology, Kharagpnr.721302. 

Abstract. ( )no of the important factors affecting the measured intensity of 
X-rays diffracted by matter is what is known as extinction. Apart Grom 
interactions involvorl in primary and secondary extinctions, there is a third 
typo of interaction in powder diffraction, between the incident beam and the 
beams diffracted from all preceding grains. Applying Zaohariasen's mathe- 
matical technique (Zachariascn 1967, Acta. Cryst. 23, 668-664), an expression 
has been arrived at for the intensity diffracted by a powder sj^ecimen taking 
into account the above interaction. This expression also allows for primary 
find secondary extinction. The treatment has been extended to aggregates 
of crystallites containing defects of various types and corrc.sponding expressions 
have been derived. 

1. Introduction 

One of the important factors affecting the measurcfl intensity of X-rays diffracted 
by matters is what is known as extinction. Tn cas(^ of usual calculations th(> 
intensity of the incident X-ray beam arriving at different points of the diffract- 
ing matter is assumed to bo the saim^. Hoivever, it i.s quite easy to see that in 
actual cases, this assumption (*an not be taken to be valid. The intensity of thf^ 
incident X-rays w hile traversing various points in matter go on decreasing duf^ 
to parts of X-rays being diffracted away in other directions and also go on 
fortifying and replenishing itself duo to waves diffracted in the direction of its 
propagation due to multiple diffraction of waves originally diffracted in other 
direction. Thus, the incident >vave and all the diffracted waves form a coupled 
system. A rigorous mathematical solution of this problem is highly complicated 
and generally a two beam approximation is made. This means that the w^ave 
(liffraeted in the direction H is duo to the incident wave and the w^ave diffracted 
iii t he direction H interacting bet w een tliemselvos. The effect of waves diffracted 
in other directions o.g.. f/j, i/g, ote. arc considered negligible for calculating 
the wave in the direction //. This formalism was first of all used by Darwin 
who derived an expression for* the weaves reflected by a column of identical planes 
stacked parallely and in regular sequences. The incident beam, as it travels 
dee]>er and deeper amidst the identically spaced planes is taken to be depleted 
at each plane due to the plane diffracting according to Bragg’s law and is also 
strengthened by the Br^agg reflection at the other side of the diffracting plane. 
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This presupposes a perfect crystal M^ith all its atoms arranged properly as per 
its lattice and space group symmetry. If 7^ be the intensity of the resultant 
dif&aoted wave and /jt that calculated assuming no interaction between the 
incident and diffracted waves, then 

I dr = hVi ( 1 ) 

where y is known as the (^ooffieioni of extinction. If la and concern waves 
diffracted by a single crystalline domain consisting of a regular stacking of perio- 
dically arranged atomic planes, y is said to bo the coeifficient of primary extinc- 
tion and the phenonienoi\ of coupling between the incident and, diffracted waves 
is called primary extinction. 

However, comparison with experiments for single crystals shovs that- tlu* 
actually measured iiitensiiy I measure agrees more witfc h than with This 
was explained by Darwin (1922) by assuming that a single crystal consists of 
differently oriented small domains of crystals forming a mosaic. Depending 
on the sizes of the mosaic blocs, y will have appreciable or negligible values. 
Due to t.he space incoherence caused by misorientation betweem the different 
blocks, the intensities diffraetod by the different blocks aj-e added. Jf each 
block lias the same size — say an av(^rag(^ size and if each block receives the same 
intensity and assuming negligible* primary ext inction (since the number of diffrac- 
ting layers in (sach block is suiall) so that ;?/, — 1, wo may write 

U — Nik ( 2 ) 

wlune iV is the* number of mosaic blocks irradiatenl and Ik the intmisity diffr^aeted 
by each Irloe^k assuming no piimary extinction. The incident wave, while* 
transvei’sing a distance T in tlu* single crystal will encounter* v ~ Tjd (with d 
the average size ()f the mosaic Idoeks) domains. Each domain will receive an 
incident intensity, depleted by inteiisit i(*s diffracted iiway by the preceeding 
domains or blocks and supplirnented by multiple diffraction by other blocks. 
Thus, the assumption of (*ach block i*cceiviug and therefore* scattering in a parti- 
cular direction, the same intensity which loads us to e(|. (2) alaive is not 
valid. In this case, again, there will be interaction betwciui tlu* primar y beam 
incident on the crystal and the diffracted iK^arns and we shall obtain 

Id, - Nhy, (») 

where ld 2 is the inteiiHity diffracted in the giv(Mi direction taking into ac(*ount 
tlxis second type' of interaction and //j is called the eoe^theient of secondary extinc- 
tion and this typr^ of interaction is known as secondar y extinction. 

It is quite obvious that in a given sirigle cr 5 ^stal both primary as well as 
secondary extinctions may bo operative. However, till recently, very little 
work was done to corrc^ct hrr or estimate the nature and extent of extinction in 
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crystals. Recently, however, much interest is taken to explore this effect. 
However, all effort- seems to be concentrated on correction of extinction in single 
crystals only. Very little work has been done to investigate extinction in poly- 
(^rystalliue specimens. It, again, is obvious that there will be a third type of 
interaction ])et,weoii tlu^ incident and diffracted waves in polycrystals. Each 
crystallite will receive an incident beam whoso intensity is modified by the 
diffrai^tions (lu(^ to the preceding crystallites. Diffractions due to proceeding 
crystallites iiiay bo subjected to both primary as well as secondary extinctions. 
So, we ma.N^ call this type of iiitojactiori, a third type of extinction or ‘tertiary’ 
extinction. Qualitatively, this tertiary extinction is of tlie same type as 
secondary (extinction and its effe<et will be to modify the secondary extinction. 
Quaiititativol\% ]iow(‘vej‘, two marked diffierencos, viz. 

(1) while line augh^ of niisoriimtatioii between mosaic blocks in secondary 
('xtinctioiL is very small, of the order of seconds, often — the angle of misorientation 
Ix^tweeu crystallites in an aggregate ol pt»]yerystals with be quite large. In fact, 
all angles I’rom 0 to 27r are (‘.xpe(»t('d Avith c(pial probability. 

(2) The iat('raction is weak and may bo taken to consist of deplectioiis of 
t)h(^ incident beam jnt(‘nsity duo to scattering by previous crystallites without 
any fortification or HU 2 )plomentation by multiple scatterings in the direction 
of the incident beam. The tertiary extinction is thus equivalent to an increase 
in the effective absorption coefficient. However, quantitatively, the diffracted 
intensity wu’ll be different- if tliis phenomenon is not- taken into account. 

The phenomimou of the^ tertiary (extinction has not been studied by any 
previous author. Ev(m tine existence of this special tjq>e of interaction has not 
bocm not iced by previous workers. The aim of the present work is to explore 
the consequences of this fa (dor on the integrated intensity and the line profile. 

Darwin (ltl22) sho^ved that secondary extinction resulted in an apparent 
increases in tlio abs{)rj>t.ion facdor and obtained an (expression for the correction 
factor for primary extinction arising in a perfectly crystalline slab having infinite 
latc^ral dimensicjns. Waller (1926) and Ekstein (1961) have also deduced ex- 
pressions for extinction. AVhile th(^ formulae duo to Darwin (1922) and Waller 
(1926) arc valid for integrated intensity, Ekstein (1961) equation holds good 
for intensity at the Bragg angle only. Besides these, Ewald (1916), Laue (1931) 
and lollowdng them a. large number of w^'orkers have dealt with this problem of 
interaction betwwn incident and diffracted waves from different point of views. 
Zachariasen (1967) has dev(dojK3d a general theory of X-ray diffraction in a finite 
(Tyst-al on the basis of an approximate treatment of the coupling between incident 
and diffracted beams which is claimed to be valid over the entire range from 
perfect to ideal mosaic crystals. Zachariasen’s (1967) work was initially acclaimed 
and put to great use and was oven extended to anisotropic extin( 5 tion oases by 
Coppens and Hamilton (1970). Soon, however, shortcomings to Zachariasen’s 
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theory were pointed out mainly by the experimental work of Cooper and Rouse 
(1970). Becker and Coppens (1974, 1976) reconsidered the problem and gave 
a general approximate solution which resembles the Zachariasen’s formalism to 
a great extent. Starting from the d3ntiamical theory of Taupin (1964) and 
Takagi (1962, 1969, 1976), Kato (1976) and Zigan (1976) formulated a rigorous 
theory which takes into account both primary and secondary extinction and 
also lattice defects in general terms of a correlation; length. For powder cases, 
very little work has been carried out so far. Mitra and Chattopadhyay (1976) 
have discussed the previous works and have develo;^d a method for correcting 
the integrated intensities of powder patterns usilig Zachariasen’s formulae. 
They have satisfactoril}^ applied the same in the oiaso of several f.c.e. metals 
and alloys. 

According to Zaohariasen’s theory (1967) of extinction, y the extinction 
factor which is the ratio of the integrated intensity of the diffracted beam and 
its kinametical approximation, is given as, 

y = (l+2Zao)“* (4) 


/ €« vaiVMU* 
\ me* / Shi 20 


(5) 


/T — ^ 2a sin^ 2 6 
^ ^ i +COS* 2a sin* 26 


Avhere T 


1 dA 

A dfb 


is the lueau path through the crystal, ^ the coefficient of 


linear absorption. A the transmission factor, t the mean i>ath tlxrough perfect 
cr3rstal domain, the mean thickness of the domain measured normal to the 
incident beam and j)arallel to the plane of incidence, 0*664/(7 is the full width 
at half maximum of the angular distribution function of the mosaic blocks, N 
the number of unit cells per unit volume, F is the structui’e factor of the diffract- 
ing plane, a the Bragg angle corresponding to the reflecting plane of the mono- 
chromator crystal, e, m the charge and mass of the electron, c the velocity 
of electromagnetic radiation in vacuum. Eq. (6) consists of two terms, the 
first term represents the secondary extinction. For spherical domain of dia- 
meter I) where i = iSj = 3/4D and if (pfg) ^ 1 then eqn. (4) can be written as 

3/ = 1 — I ^ 
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A.'i /wiif Its Iho ahnovpiion /« qiiHc -smaU, hang assujnod I) — O’lD , where D 
I'.s th<> iliihinot'C'f of tho imperfect crx'stal mosaic wJiicih is assumed spherical. The 

V - I -- 1- ^ VnA't -0-7 DV„K,.. (H) 

o A 

111 Mk^ B(M*kt‘r and (^(>|>}joiis (1974) formalism, t is to bo substituted by t sin 2 6?/ A. 

2. The model 

A, JS, (■ oto. ajc grains of tho [lolyorystal travors(*d by the ray PQ (figure ]) and 
so oriimtod with n'spoot to it as to giro rise to a particular Bragg refl(‘ction, Hx, 



In botwocii a pair of such grains, there are other grains (not shown in the figure) 
which do not. tak€^ part in this particular Bragg reflection but meieiy act as 
absorbers of tho incident radiation. Some of these grains will bo so oriented 
as to give risc^ to other Bragg refloctiuiis (//j.. IL^, etc.) consistent with the 
space grovp ot th(^ crystal. Tlu^ incident beam Avill be modified during tians- 
mission through the spooiiuon not. only hy tlio absorption by the specimen 
material but also by diffraction at different dinn-tions by differently oriented 
grains. Tho diffrai-ted beam along any jiaiTicular direction Avill also be modified 
by >similar pruci'ss as well as by tlu^ m<^>dification of the incident beam. This 
intoi’actioii is, tht>r(*foi'o, a multiple beam process. As in .similar theories of 
dynamical difiractioii, \\(‘ n^tain the two beam approximation and shall assume 
that t.h(‘ reflection (//j) is modified only b^^ the diffraction {H^^) in tho forw'ard 
direction and is not infhuMico<l by other reflections 7/^, etc.). 

Ud, f ho av<aag(^ sejiaration along tlu^ path of the incident ray PQ of the grain 
oriented tor tli(^ reflection b(^ .r. In the absence of any preferred orientation. 
.1 will be same tor flu* reflections (//^, //„). the grain size be t while 

the sample thickness is 7\ Each grain is a mosaic of perfectly crystalline domain 
of size 7) and a misoiieutation factor g m defined by Zachariasen (1967). Each 
mosaic block dittraeted powei* for unit v’-olumc^ and intensity for the particular 
leflection {II^) cousideicd. We start from the dynamical theory of Taupin 
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(1964) and Takagi (1962, 1969, 1975) which takes into account the local distortion 
of the lattice U(r) resulting in a space modulation of the amplitude of the wave 
in the crystal. Let K bo the wave vector of the incident wave, Ko and JCh fbe 
wave vectors of the transmitted and diffracted waves, subject to the condition 

Kh = /Co-f-// 

The displacement vectors D© ^-nd Dh of the tAvo waves are 
Do - Doo{r)e- r- -o 

Dh ■= DWr)e-2"‘<"« *' ■''> 

Lt^t and be the oblique cooidinatoS of a point inside the crystal parallel 
to the incident and diffracted directions respectively. Let bo the .ETth Fouriei* 
component of the electrical susceptibility of the ideal perfeei. crystal given by 


where Fn is the crystal structure factor of the crystal for the reflection //. 

The Taupin-Takagi equation for the component of D of a certain type of 
pola-risation is givc^i by 

^ Do ^ 


with 


dt, 

/^li 


Dh “ - hDh 


Kh-K 

K 




and c the component appropriate for the given polarisation. 

Starting from t.hese equations. Kato (1975) derived the following equations 


= --|2a{Re(|„^g)-t /iWh+'Io. 1 1 


Here and Ih average intensities over the domain containing the distor- 
tion, and a the correlation length which can be identifled with the domain size 
in the direction undei* consideration. It is easily seen that 

( mcO (4»r*F)* 




20 
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for wave lengths for which Friedel’s law holds good. Compamg tho above 
equation with tho Zachariason’s (1967) equations, 

^ == _(a-4-/i)/o+£r/H 




Avo find that 


with 


(T ^ aQ 

n-\ 

^'~^\rnc^ I {4w)2 ’ 


ii'or a dii’oetiou (//+e) wJiorii e is a slight dopai*ture in reciprocal space from 
tlui reciprocal lattice point, wo hav<^ 


(r{e) 


sin^ 


IT CL 

A d 


€ 


sin^ 


TT 

A 


c 


Tluis, wts liavo boon able to keep to Zaehariasen^s formalism with signilicauees 
of torius modified iu the light of Taupiu-Takagi theory. Thou itqus. (4) and 
(6) become applicable with significauee of Q and a modifiid as above. When 
secondary extinction is present., due to angular misoriontatiou between the 
domains, rr will be modified into 

^ = Caoxp(-~;r^'%2) 

with 

a' ^ V^gcLly/cL^+2g^. (g) 

3. Derivation of the intensity equation 

Lot 1^ bo the iutonsity incident at the specimen surface i.e., at = 0, where 
i 1 is tho distance in the specimen along the incident beam. A grain at a dis- 
tance from the surface will receive at intensity 

/'o = ©xp(-/»y) oxp ( ^ j ( 9 ) 

duo to absoiptiou by the specimen mentioned of the thickness T, of the material 
^nd due to diffraction by iTj/jc grains each of size t and average dif&acting power 
^ and on the basis of first order approximation in the solution of the differential 
equations describing the coupled transmission— diffraction process in each grain 
as described by Zachariasen (1967). 
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Let /"o and I" be the transmitted and diffracted intensities by a grain T-y 
and along the incident and diffracted beam directions respectively from the 
specimen surface. Then 

(10) 

(11) 

with solution 

r = I'o oxp(-^7’i)[l-exp(-52rj8)3. (12) 

If N bo i ho total number of grains along a lenjjgth T of tho speoimon, n of which 
arc oriented for the reflection II i 

nx T 

and nfN is the probabilit}^ that a grain is so oriented such i-hat (Compton and 
Alison 1935) 

71 * 

^ rr=^j cos (9. (13) 


whore Ad is the angular sj)road through which thed iffractfon is possible and is 
given by 


^0 = 

d cos o 


(14) 


where is the range in reciprocal space around the particular lattice point, 

corresponding to th(' reflection over which diffraction is appreciable, j is the 
multiplicity factor. 

Hence, we have 


P(e) = /flO-F 


(16) 


whore 


a _ j^^UAX 
2d 


Eqn. (16) can be written as 


P{e) - vr 


A 

1+ffT* 


(16) 


where 




( 17 ) 



156 


0 B Mitra, B K Bamantaray and B K Mathur 


and 

^ ^ _ (18) 

flPP 

E<^n. (IH) can bt‘ ixpaiuled to inchulo all c-asos ol particle size, atraiii 
staekiuj' fault etc. Ilirough <t. 

4, Effect of particle size strain and stacking and twinning faults 

Kcjii. (7) for (T(e) can l*e written as 

Sin* -2- <■ 

A 


M 

_ Qa S (M—\ ni j ) {;Os 

whoro M — xfd. with d the lattice s]>ceiug. Substituting the 
< FpF*p_m ' I'oi' \vvite> 

"'«> = 5 ,l„'" - 1 ” I '< -- 


Writing Afn^ {M - 1 w/ 1 ) and .dm*"'' 


FpFp^.m. 


we hav(^ 


" mh* 8'jr*F* a* 


(19) 

average value 

VoH imnt (20) 

(21) 


M 

— (^onst 2 Atn Co^2mHf.. (22) 

Thus, eqn. (22) defines the line profile. Since in making measurements with 
line profiles, one deals with Am A^ the constant cancels out and one can 
proceed as usually. 

The effi'ct of extinction combining the three types described above is accounted 
for with the help of eqn. (Ki) which can be written as 

P(e) - h<rVA{\ --(tTa ...)• (23) 

In actual procedure, one uses an iterative method. During the first iteration, 
one proceeds assuming no extinction and determines M the particle size and the 
strain and fault parameters. With those values & is determined and substituted 
in eqn, (23) and the correction terms for each value of P(e) of the line profile 
in (e) is obtained. These corrected values of P(e) are now used in redetermina- 
tion of the Fourier coefficient from which the integral Mudth, variance, fourth 
moment etc. can be determined. 
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It may be pointed out that rr and T are both avtTaged out quantities assuni* 
ing different particle sizes, rr is of the natm*6 of absorption coefficient and can 
be calculated for different particle sizes by using the technique due to Mitru 
and Wilson (1960) according to mIiosc eqn. (4i), we have 

(T== <(T > . ~ Z (24) 

where < cr > — £ picrt with pi the proportion of particles with sc attering power 
? 

(Ti, (Ti can be determined from (Tidi - ^ ^ a so that fTt - and a is 

an a 

assumed to be equal for all particles. T is the iotal. sample thickness crossed 
by the X-ray beam and is th(‘ second mo|nent and is the devia- 

tion from its mean value of any part length that it may be convenient to separate. 
f is given by eqn. (23) where p. is the ave raged oiil fi according to Mitra- 
Wilson (1960) formalism given by 

A — (26) 

Here again ^ Of as in the case of 
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A preliminary study of the changes in X-rays reflected by 
a piezoelectric crystal when subjected to an oscillatory 
electric field 

( J IVfir 

0('p:irt,innnt of Phvsirs, Indian Tnsiitulo of Toohnolo^jcy, Kharagpur. 


1. Introduction 

Wlu^i j)ir/o(d«M H ir ( ryst :il-5 iU't' 1 m oS(‘iIl{itoiy pUn trical fiold^i, a tliick- 

iw‘s^ \il»r'i1i in in Um iiydal s(d,s in. Ti«i.> xiliratinn is iiuixinmiii at a givon 
ri<s|urn{ \ <*alle‘(i tliM r<‘Kn»iaiu frn(ju(nu*y Tii'^ r('S( annual rMspieimy dt^poiids 
(Hi lh<‘ tliii kni'S.s of { Un cryslal as wril as tli<‘ < i ystallngi ap]ii<' direction of tlu^ 
tliif]vii<‘S>s ni' lUi‘ { I'yslal slal) ]>rsidc‘h d(‘p(Hiding on naliirt^ of tko t rvstal. Tliis 
tliii kiH'ss vilaatioii must t oiicspoud to atomic \ iliral ioii»s of same fi*i‘<pioiioy 
as tho rt^soiianro IV(S|u<ahy tiax <‘r.sing tUo iaysta.| :uul must rtrsuli in modifica- 
lions ofX-iays ('olnncmtly dilVrajtod by 11 h^ (^rV'^t al Ix^ddos causing otlior cJiangos 
like' (dumges in D.diyc^- Waller ra loi a id T.D.S. and J).D S. Tiu^ fn^ipimicy 
of tlu' o^sulling \ibrations is so lav eoiiipai‘od to tJiat of X-rays (t'.g., iO* Hz 
for ])U‘Zoel(‘ vibrations eoinparod to 10'^ Hz for X-rays) tUal tluv probing 
X-ray pliotons will <bnd repmt ' <lu‘ at.omic aiiangomoiits in tJit^ eryslal 

to lu‘ niodukiU'd by t}\<7 tluckn<'<s vibration tli(‘ X-my diffraction palttu’ii 

is <>xp(s t<Ml to b(s noti((7ably modifi<Ml by t]\(7 t'XtiH nally imj) >Sod tdendrit; Hold. 

Tko liist investigators of tliis plMnioimma WtHo Vox onul (tair (1931) wiio 
n‘])i)it«>d an in(»(Ki-:o in inttHisit\ of tlvo r< ft^ndod spots wkou sulijtvb^I to olootritt 
os<*illations. Tli*' (d)s<M*\(Hl im rt in intonsitv vviis probably fluo to lodufition 
in i'Xtinrtion but in tlioso days a D<‘bye-\V\illcr typo of nMluotum in intensity 
was ('Xjxvk'd Warnsi ami KnitttH- (1933) sought to oxiilain tlu' increases in 
intensity by assuming tluit, givtm a slight rooking, various plaiu'S wore brought 
into j>!op<‘r orieHitjition lor roflootion of a given \vav(» lengtb.. Langor (1933) 
dismissed \^a’f(‘n^ I'xplaiiation with sonui Very logical arguments, giving Ivls 
own mtrrprt‘iat i'ln m terms of misorimi tat ions of tin ' 'Zwicky blocks' in mosaic 
(uystais umk'r ox illation. In fibct, by assuming a cr^rlain dt'gree of misorienta- 
tiom he was ahle to give a quantitative (vstimaiion of this increase whi<*h, accord- 
ing to ]\is treatnuHit, worki^d out to b<^ as much as 30 times for a relativ(^ mia- 
oru^iitation of 8 . However. Vox and Cork (1931) Iiad already reportixl that the 
r<‘fl(*<»t<Kl inti'iisity iii tlie Ilragg position nnuained unchanged under piozo^dootric 
oscillations m^galing the ‘Zwkky block' ide.a of Langer (1933). They proceeded 
168 
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to explain tlie obsc^rvwl clviiige in iTilen>sity as a chance n^suJt oi miucttion (jf 
oxtinotioii and modification of the absorption ( oe^^i^il^nt. Colby and Harris 
(1933) als(j working witJi quartz rt^port that tliongh an iiuuoase in intensity was 
obsorvcKl at the p^ak, tlio diffusci sr.attoring in thtj bat;kground remained un- 
changed nnd(rr oscillating conditions. They argue tliat tlu^re is no x*eas<m why 
a change? in the primary (?xiinetion offent should not alter the difTuse scattering 
intensity while th(*y arc? of opinion that socondajry extinction c?fiects should not 
inilia?ncc? tl\e sanu?. They, then^forc?, conc?lu(h? that siiiec? the? diffuse scattering 
remains unalier(?d, the incrc?ast? in intc?xisity of\X-ray titnis dm^ to i)iezo- 
elcxjtiic oscillations is attr ibutable only to a n?dn. 0 tion (jI’IJu? He(;ondary extinction 
c?ffc?(*t. It was argu<?d that, a conipl(?m(?ntary <;l|ango sliould oc cur in tlic? trans- 
mitted beam intensity. Ho\\evt?r, there rc^mailis a conirovorsy n?garding this 
point bcxiaxise, tliough Fox and Fi-<?dc?rick (1988) r(?iK)rt just such a change, 
Jauncoy and Doming (1935) wc?re unabk? to reprorluee tliis obi^erv ation. IMislii- 
kawa, Siinioto and 8akisaka (1931) also r(?pi?rt an iiierease in r(lltHdc?d intensity 
duo to i)iozo<?lcK?ti ic oscillations (?xx)laiiiing it; in tc?rms of in]i(>nK>g(iu?ous strains 
setting in with, in the (uystai. A similar tdTcnd; was obsc?rv<si by tJu?m on applica- 
tion of (a) a tliermal strain eiMis<?d by a tcinxx?ratur(? gradient in a cc?rtain dii*c?c?- 
tion, (b) a non-uniform iu<?('hanical str(?ss producing li(^t(?rogt?iK?ouH strain. No 
such effoct. was observed on ap^rlicaiion of a uniform c?lectrical field. Similar 
incroasi? in ini(?nsity in n(?utrun diffraction pattc-rns hav(? bc?(?n rc?portc?d by 

Parkinson and Moyt?r (1901) and by Klc?in, Prager, Wag(-nfu4d, Ellis and Sabim? 
(1907). 

Rc?A’iuwing tJn? enlii(‘ work in tJiis fi<?hl, it is evident that no conclusive, 
unanimously acceqjlod rosult of th<^ axqjlication (?f oscillatory ole(;tric fields on 
X>ie?zoele(?trie ciystals is av ailable. From tJxe eonsidt ‘•ration of vibrations a rt?duc- 
tion in iriti?usit} is ('Xpe?ct(?d. EK?duetioii in cjrystal x)erlecti(^n dm? to oscillation 
ne?e?d not ne?c(tssarily result in an increase? in inU?nsily of tlie oi'der o])servexl. 
Muiwv'^er, th(?r<? lias be?i?ri a r<?xiort of iuiorrsity r(?maining unethangc-d in tlie tail 
re?gion of Ihe^ intensity distribution curve. B<>(?ause of tliis contruve?rsy and 
bocaust? siii(?(? tlu? late tlui ties no exxjerimeiitai work in this field has be?e?u rexroited 
— whiles in tlie me?antimo, an e^normous amount of improve?me?iit in the moasuro- 
iiient of intensities has bo(?n a(]xi(?ve?d — tlu? j^resent vork of re-examining the 
whole issue has bex?u undertaken. It is x>re)X)oseHl to xn’es(?nt here e?xx)Oi iniental 
results on modification of iiite?nsity of X-rays re?fl(Kded from a given se^t of pianos 
of given slab of quartz ulien subj(?cti?d to n^sonani vibrations due to an e?xiernally 
impressed oscillatory olectru? fi(?ld. ft is ftrrthor x>T*oi)oaod to presemt a suitable 
tlieory to exiilain the observcKl r(?sixlis. 

2. Eacperimental Arrangements 

A reotangxdar slab of a uniformly ihJcJv <iuaa*tz single crystal giving a strong (101) 
reflection was chosen for the present experiment. A Debyo-Sears (1932) typo 
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u\ rxjx^rinunt hi wliicli tJir ( lystal juade to vibrat<. paralJol to it« t]uekllos^^ 
l>y applyiti^ a Miitabh^ osnllatoj'N i U Anv tioJd was rarrii d oui. This vibrating 
(Tvstiil wa^ pliUMHl ill a transjiait'nt v'«‘ss4'l (*ontaining oartion totrai liloride which 
bwitiur stratifird b(s*ai<si‘ of fiio \ iliratioas trail, smitt(Mi to it from the crystal 
rosulting in a virtual grating ot grating consiant tiqiiai to tlie w^aveloilgth of 
llio transniitt^Ml vibrations. Oiitical moasuromont of the ‘grating constant’ gave 
tile wa\ 4 ‘longth. of llu‘, vif>rations which coinbiiu^fl with the knowledge of the 
voiocity of s«>nnd in 1h(‘ liquid medium (for carlion tetrachloi ide— 830 m/sec.) 
gav(^ the f'n^iim ncy of oSrdlalions to 1x^0*087 nu^ga Hortz. Tlu^ oscillator w'as 
of |)u,sli-pidl tuned ])lati^ type capable of yudding frecpuMicics in the range of 0-08 
io 2-no mega H(‘rt/ ami a \<ay stable* output. 

in order to study the 4 dTei t ol piezoehatric oscillations on tin* X-ray retl(H> 
tion*-, out put Ironi tlu* oseillator wa^ nmiieetiHl to two suitabit* profies consisting 
of tvo brass jilatcs tud in tin* sliajie sl‘ov\n in tigure 1(a). Sim e propi^f mounting 
is \'(*ry (‘ssiaitial toi* staf»l<* r4\sonance eomlitioiis to lx*- obtaiiusl, tlie crystal placed 
b(*t\M‘(-n tJu'- two brass jilat(* prolnvs was held, rigidly within a cast* made of 
p(*rsp(‘\ b\' nu'ans of four adjustable sen ws. Tliis type of ‘{joriuT clamping’ 
has tin* advantage of suppressing flexural mod(*s This also Jtxives an air gap 
betwetMi th(‘ crystal and the prolnss whicli is d<*sirabl<‘ siiUi'. it reduces damping. 
Als<». a bettvM* resonanci' condition may be obtaimxl with smdi an arrangmnent. 

Tl\(t (‘lit ire arrang(*nu*nt was mountiHl with tin* help ol a sptHually l\ard wax 
on to tlie goniomct<‘i wliieh was fabriratixl spiM'ialiy tor tin* present purpose*. 
An arrangement tor rotating tlu* crystal abf>ut a vc^rfieal axiv^ by a d(’isir(‘d amount 
v\ as pr»>vid(Ml 

X-rays wtMt* obtaimsl frojii a Xondco loiit using eoppei* targtd. A prelimi- 
nary run was mach* on a Philijis diffract onu'tm obtaining tlu' completi* diffraction 
patt(*rn ol tlu‘ quartz ])lat(* over the (Uitire angulai rangt*. Ot tlu* two sliarp 
peaks obtaimsl coriM^spimdin^ to ( 101 ) and ( 202 ) refleirt ions - -tlu* formei . being 
a v<Ni’\ strong reflc'ction. was chosem for tiu* pi(*sent in ve^stigat ion . Tlu* j^M^ak 
angle* was found to lx 1 3-d in 


-I he crystal in its mount was jdacexl on the* goiiiometiM* with, its "h' axis 
\<‘rtical. t^)]>}w‘]• K radiation monoehroniatiH<*d by reflection from a calciti^ 
(*rystal wimc made to fall on the (piartz crystal through a h.ok* in the prolu'. plate — 
th<‘ (-rystal being placcxl in tlu* reflection Bragg pf>siti<m. The n^fleohxl X-ra 3 ^H 


we^(^ recorf h‘d with tlu* lu‘|*p oi a g(*iger counter while at ri^st and whik^ under 
the. application of an oscillating lesonant (deetrie field. This w^as repeated for 
diiier(*n1 valms of tlu* angle, on (*it]ier sidt* of tlu* j)cak valm*. of 13-4"\ Tn this 
way. X-ray r<*fl(*.*tions over an angidar range of 8^ to 22^^ were obtained at inter- 


vals ot I . The 7>' axis was eonveuiently elios<*n to be the rotation axis. Tim 
off-Bragg angit* positions were conv<*rt(‘d to tile eorn^sponding twipKKal apace 
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poaitioiifcj and the refloot(xl iuU)n,sity at ea(*Ji ponition in rtxdprocal ispace around 
the reciprocal lattices point wa?4 (ieterniiiHHl and plotted. !Figure 2 »shows the 
plots for the crystal without and with the oscillatory rosonathig elc^cdrio hold. 

3. Results and Discussions 

From figure 2 showing the intensity distribution in n^ciprocal space for the 101 
reflection, the following salient i)omtH may b(^ noted : 

1) In tlio absence of tlve oscilkting el(K?trical field, the intensity distribution 
is a smootli curves showing only on© maximum corresponding to the (101) r€>flec- 
tion, as ex 2 )oct(Hl under normal conditions. 

2) In the presence of the oscil%ting fic^d, howc^ver, tlu^ intensity distribution 
assumes an oscillatory nature?. It is seen that intensity corresponding to a 
specific point in the reciprocal .spic<? juay either increase or d(?creaso Iroiii its 
original value under non-oscillating, conditions, giving rise to other subsidiary 
p(?aks and troughs bt?sidt‘s that corresponding to the main 2 >cak cfaresponding 
to th(‘ (101) reflection. Also th<?re is evidence that some p()sitif)ns of the intonBity 
distributhm may nunain quit<? unchangc^d. 

3) Tile distribution in the presoncft? of oscillations is not symmetrical, showing 
that tliere do(»s not exist an isotropy in the intensity space. 

4) It is observed that th<? main peak Is slightly displaced duo to the ext(?r- 
iially impresstnl oscillatory field. This is to ho (expected sinc(? increase in oscilla- 
t/ory modes is (^quivakuit to a change in temjierature and due to anharmonicity 
ofhicts of th(? potential tliero will be an expansion similar to that of thermal 
(expansion. However, in the 2 >resent cas<>, the change being very smalh iio 
attemj)t has b(?(ui made .to iiu?asure tlie sliilt aiul study its significance. Witli 
Jiigher frequencies and largei umifiitude of t])o jKuturbing wave tlxo shift may 
b(? more ^predominant and such stu<li<?s ]lav(^ b(?en 2 )!annc>d as a future project. 

TjieS(? results, therefore, (contradict the obS(?rvations of tl\o carlicfl* w"oi*kers 
wiio reiJoi’tcil a iiiarketl increase of reflection intensity in the peak region due 
to the eff(»ct of xuezoolcetric oscillations. Also, tlio o})Kervationa duo to Colby 
and Harris (1933) that the background region remains unaffected by tlio oscilla- 
tions d(H)S not appear to liold tnu'. 

The re>sults, though not totally unexpected, are rather sur 2 )rising. A 
diminution in intensity was oxjxkjUhI as a result of tlio increase in the Dobye- 
Waller factor. Weigle and Bierder (1942) gave a theoretical treatment on the 
basis of a mechanical wave traversing the atomic positions and prcxiictiHl mi 
oscillatoiy background less than that for the crystal without the oscillatory 
okKjtrio field. A diminution in extinction is also expected which would incroast^ 
the iiitcmsity when the crystal is subjoirt to the externally impressed electrical 
field. But both an increase and a decrease with respect to the original intensity 
in the absence of tlie oscillations is not accounted foi or predicted by the existing 
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Kuriyaina and Miyakawa (1969) dovoloixxl a tlinory baaetl on the 
dynamical thoory of diffraction whi(Ji pr<Hlbt(Kl in gonoral a diminution in oxtinc- 
lion and lints an incrrc^astr in intensity wlion the oxiornal olfKlric field is applied. 
Express, sion idr tJi<> scjattorcd intoisity contains both dynamical as well as kme- 
matitjal terms— <^acli HrX ol‘ tor!n>s predominating undov certain conditions. The 
(expression in its (existing lorm is not amenable to numerical eojnputation and 
from (pialitativce ( onsidenitions, it is difficult to predict its variation in reciprocal 
lattice *spa(r( 5 . Thus a mone (explicit tlKs>ry is calknl for to explain the observed 
intensity variations in X-ray scatterings when tJve (irystal is undeer piezoelectric 
osirillations. 

3. Development of a Kinematical Theory 

A treatment similar to b\it more generalised than that given by Woigle and 
Bleuk^r (1942) has been attempted here. The position vector describing tlio j-th 
atom in the crystal may written as 

rj — i f^aC+Xj+y}+z^ (1) 

\vher(‘ w,, ^ 2 , arce integers: a, h, c tlue unit c(^ll repetition distanctes along the 
tlmxe (crystal lographi(t ax(es; xj, Zj tlue position tU)()rdinates of the .;-tli atom 
within tlue unit c(ell. Tn tlue pr(‘S(Mice of the pio/ocelectrh* vibrations, 

r; is modified and may be expressed as 

r/ — r/ ( 2 ) 

where C7(ry) l\as eomiMmonts like ,4o fc.??ia) I Xjo ►Sin(?c/ — fc.x;) in the 

X-direction, tile first term taking care of the modification of the lattice constants 
wliil(e tlue s(econd accounting for tlu^ displaccement of t1u‘ j-tli atom in the unit 
c(?lL Ami>litud(e t(*rms like An and will depend upon the Miller indices of 
tlue vibrating plaius and it is likely that tlu'y will also vary from unit cell to unit 
cell. This ]att('r variatioii has not bineii taken into consideration. Weigle and 
BUeuler (1942) and Kuriyama and Miyakawa (1969) Jiave both nogkectt^fl oven 
tlue lattice t('rm and liaV(‘ overlook(‘d tlu* variation of from unit coll to unit 
cell. The intensity of X-rays r(eflected from siuJi a crystal in tli<,‘ direction h is 
giV(ei) by 

T(h)^~ R(hy IV (h) (3) 

V'ith 

It(h) s/y <exp//ir/. (4) 

i 

Dofiiiing 

F(h) -- ‘*xj) 

and using thu relation 


( 6 ) 
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Wo h»vo, 

Sin* / a,|^\ ^ \ g^a / — 
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whure art^ iiitc^eis liko w-iWgW.^ anrl liavo tho saiiK^ sigiiifi(janc*o namely 

laliellirig tho unit eoll. 

Eq. (7) Hhow*s that both tlxo ntructuro factor torni and tht^ intorfonmco term 
aro modifiotl by tho ihozooloctric? vibrations. Sbico tlio values of Jyjix) arc always 
loss tlian unity except for '/o(d) wliich equals unity, it appears tlxat tho presence 
of the piozoeleotric wave has an offt^ot of multiplying tlxe usual intimsity term 
by a factor oscillatory in nature but always a fraction less than unity. Thus, 
tliis kinematical treatment fails t-o accommodate an incn^ase in intiviisity althougli 
an oscillatory xiature of the reflected ink^nsity is predicted. 

5. Dynamical theory of X«ray reflection by piezoelectrically oscilla^ 
ting cryfiitals 

The only previous work is due to Kuriyama and Miyakawa (19(>9) which (tan 
not explain tho observinl natunt of th.o intensity distribution. So wi" proctxnl 
to consider th.e jxroblein alreslv. AVe shall ixse the Taupin-Takagi (1964, 1962, 
1969, 1975) theory for a distortol cjiystal leading to tlxo following (equations due 
to Kato (1975) 

l<i«> - -{2 t R(>(A'a'ii)+M < /o > +2 t I Xft 1 ' < /ft > 

oil 

^ 5 .. J* > = -{2rR«(A;ftXft)+/4 < /ft > 4-2 t1xa1* < /„ > 

where < Iq> , In> artt the avttrage int^ensities of the diffracted beam in tho 
forward direc^tion and tlio diffraction dii*oetion h reapoctivoly in tho two beam 
approximation, avorage>s being carriotl out over all the unit cells; r is a correla- 
tion length which may be taken to be the aamo^as the domain size of a mosaic 
block in th(^ crystal; ft the? linear absorption coefficient; and Xh the ^-th order 
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Toiii iw triiii»forju of th« oltxjtric! ,siiHoeptibilit 5 ' of the crystal and in the case of 
(ho vibrating crystal is given by 

(7^)’ -'5. (x 

12 3 


Writing a - '2T(Xh A'*) < la > ~ h > Ih> = Ih Wo have the oqjiatioiiR 

(lu<^ to Zaeliarianoo {10f>7) viz. 

Ola 


-(/<+(T).7o-|-«r7* 


*1 


OIk _ 


(Ito 


with ])oun(lary coiiditioiijs 

fa - T„ 

/a -0 

//- ciui 1)0 wrilti'ii as 


-- -(/f + «■)/» +o-/o 

a(. /j - 0 
at k 0 


>) 


( 10 ) 


(11) 


( 12 ) 


r (p ),] 

in tlio prosonoo of IJk^ jiii^/oolwirio vibrations. 

Tiu- solution of oqs (9) and (1(1) is giv<‘n by 

m - / .dv 

CfT sf 

- ^aP<r<f>{(r) 

wiiero P(h) is tlu< total power diffractefl in the direction h, i> the volume of the 
('rystal and 

9^(®’) - -'I h^J}-(/i+(r}{h+tt)dv. (IS) 

Coinhii>ging eq. (13) with wp (11) we have 

"" Y' « |*^’'»(/‘ofm(#i-f't2)]©xp hr-oit j. (li+^s) 

)] dv ( 14 ) 

with /io == S which is a constant for the given material. 
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Thus the power diffracted by a vibrating orystal is found to be depcudoiit 
on Bessel functions of arguments containiirg the variables <, and — which moans 
that the diffracted powers uicreasee or decreases with the dii’ection of diffr action 
h. It may l)e noted that tlris is what is exactly observed in practice. Though 
the argument of Jtn and hence the diffracUxl p>wer is swn to vary-wilh angle of 
diffraction, the variation is jiot symmetrical, lending assyjinnetry to the intensity 
distribution aiid showing the obviously present anisotropy in quartz. Thus it 
is mvei that while the kinematic theory is unable to explain the observcxl intensity 
distribution in X-ray roflc'ction from piezoek‘ctrically vibrating crystals, th(* 
Dynamical thoorj^ is able to explafri it at least qualitatively. Eqs. (7) and (14) 
are to be jmmerically evaluated in ordei to' make any quantitative comparison. 

Lastly, it is to be adniittcwl th*t f lu‘ presmit wor k is a preliminary work and 
much romauis y(»t to done, Otlier reflections from quartz and lefltHdion from 
other piezoeletdric crystals are to b(» invwtigatcHl at different frc<iuencit»s and 
differimt amplitudes of vibration. Ort the theoretical side, a more rugorous 
dynatrrical theory aird rnuiterical calculations of the derivwl intisisity (^xpressimrs 
are to be carTusl out. Then probably we shall gain entranci- to tlur thrrvsliold 
of the mysteries of atonric; origirr of piozrxdiHtric effects. Wor'k Iras beerr urrdrw- 
takon to achieve this ertd. 
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Eigenvalues and eigenvectors of the exchange interaction 
Hamiltonian of Heisenberg 

N 1) Sen Gupta 

'J'ata Institute of J^’uudarnontal Kosoarch 
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'riK' nbj<ict of tho paper is tu dcwtilop a method to obtain successively eigen- 
values and eigenvectors of tho general exchange interaction Hamiltonian of 
lleiseiihorg. Thci method consists of generalising the usual Bloch spin wave 
solution of single spin excitation. It is noted that the result can be extended 
to any Tiutnhi'r of finite stojxs of interaction. Further, procedure to obtain 
sjiccossivoly the oigoii-valui^s and eigenfunctions with multiple spin deviations 
are discussed. Tho symmetry propeu-ties of thci eigenstates with same number 
of spin deviations from all spin down and spin up states are studied. 


1. Introduction 

Tho objoot of this pajx^r is to obtain mothods to arrivtv at exact oigniivaluos and 
c^igonfuuciions of tJu» oxcliaiige intorattioii Hamiltonian of HcUiSenborg. Shortly 
after H(U,sonl)(U’g\s formulation (1928) of tho theory of forroniagnotisin , Bloch 
(1930) obiainod a simjjb^ sot of exact eigenfunctions of tile exchange Hamiltonian, 
tho socalU^l spin-wavos. T3i<^s(‘ an> suitable super-position of states with only 
oiu^ spin t?xc5iiation. rinmediatcJy after Bloch, Bethe (1931) atUuupt^>d to genera- 
lize Blocii’s results. This was followed by Hulthen (1938) wJio obtaimni exact 
eigenvalues and eigen ve(‘tor hu' Vt^ry sjuaJl values td* the number atoms in a chain. 
In order to account for tlu» niuliiidt^ spin excitation in general Holstcun and Pri- 
luakott (11)40) inirodiKMHl the idea of' spin -deviation in tlieir investigation oji ferro- 
magnets. DvrSoii (1950) while developing tlie gfuieral theory of Spin-wave iiitor- 
actioii, introdihHul stal.<*.s Aviiicdx are apx>arently natural generalization of Bloch’s 
single i^xcitation sj^in-waves. TheS(^ states are not orthogonal and are much more 
uuiuorous tlian the total iiiuuber ot linearly indepeiidont states. This loads to 
the introduction ol undeserving kiiuuuatieal infraction Ixdaveen tJie sxiinwaves, 
though tlu^ resulting dynamical interaction is weak. 

Instead o{ working witli slates introduced 0(1 hoc it is worthwhile to study 
tile nature of tlie exact eigen functions of the relevant Hamiltonian. This is the 
motivation of tlu> x)aper. Wo >start with a modest beginning with a simple ease to 
emphasize the algebraic method followed licre. We consider systems with spin 
•J, in the absence of external magnetic field. The presence of extoriial magnetic 
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field does not iiitrodiu-e any basic difficulty only the computation bwomos a little 
involvod. Wd show how to obtain stoj) by stoj) oigonfunctioiis with suocossivo 
higher immbor of spin excitations. They being the eigcnfunctioji of a hennitian 
operator, are nooesszrily orthogonal. Tl\e algebra of the ojH^rators is the total 
matrix algebra of 2^ dim<*nsion, N is tl\e luimbor of elements in th(‘, eleniontary 
<?ell, or the nniiibor of basic elemont»s in the spin cliain. Jn this contot, it is inter- 
esting to not(^ an important obsc^rvation by Onsagor (11143) that ‘the quaternion 
algebra which is the diriHit liroduct of N simple quaternion algebravS is equivalent 
to the (?oini)let(^ matrix algebra of 2^ dimension'. However wo work directly 
witli the spin operators and make use of their algebraic properties only. Thus 
wo avoid the explicit representation which will make the problem unwieldy. 

Ill the next Section after stating the problem, we doiive some important 
relations wliicli lielf) the calc*ulation« considerably. TJie (dassification of the 
oigenfunction and their basic propiu'tios are (‘onsidored in Section 3. Some simple, 
properties of tlie eigenfunction for tlio spxdal case ol‘ isotropic system are also 
discussed in this Section. Tlie eigenfunctions and eigenvalues wdth multiple 
spin excitations are obtained in Section 4. The last section is devoted to remarks, 
on the method followed in the papier and its possible generalizations to other more 
oompUcated physical problems, 

2* Formulation and preliminary results 

Let the Hamiltonian be expiossed as 

g is the asymmetry iiarametei and g — 1 corresponds to the isotropic case. The 
excliange interaction eoefiicieiits J are symmetric and depend only on the 
difference i.e. 

J jic — Jkt and Gf/j- (2) 

The suffixes j, k runs from 1 to N. Tlic periodic boundary condition leads to 

- Jjk, Of+N ^ ‘ (S) 

The spin operators satisfy the relation 

(O-,'*)* =--= 1 and cr/o-*' — (4) 
The matrix {J /*} can bo writtoii as 

^ (Of0 — ct-g, Jff — 0) (6) 

p~i 


22 
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The only noii-vanislung (slemeiits of the matrix £2 are Clju+i) = 1 for j = 1, 
2, ... i\r~l and Uni 1. The group (Q«; u = 1,2, ...N) is isomorphic to the 
eyclic group of N roots of unity. Wo need not restrict the interactions only 
to the next neiglibour, in whicli case all excluding and Ojv-i — ®-i zero. 

The eigenvalues of {<7^*} arc 

A'«> n-=l,2,...N) (6) 

7.-1 

and the tioiT^spoiKling normalized (dgeii are Though {J)k} 

iw a real symmetric matrix yot we express oigonveotors in eomi3lex conjugate pairs, 
as it is convoniont foi future calculations. In fact 

— 2 S P odd) (7) 

= 2 S tt^cos (for iV oven) (8) 

jy 

and 

A'*' = A<^-«' = A< -«>. (9) 

The complex conjugate pair of eigenvectors belong to tliis pair of degenerate 
eigenvalues. Thus 

and the Hamiltonian (1) is 

A<»>ti>«</-*>(4(r,+<r*~+g<r,»er*»), ( 11 ) 

where <rj+ ~ crf+uTjV and (T,- = (xf—wjV. (12) 

We further introduce the operators 

(«) W (V) y (w) jv 

o- = S w^l(Tj+, <r- .= s wvf<rf and <r* = il wW^o-,* ( 13 ) 

#“i y-i i-i 

u,v,w = 1,2, ... N. They satisfy the following oommutation relations 

{«) (ti) (») (it) (tt+t,) -1 

<r* 0-+— (T+tr* = 2o■^ 

(u) (t») (v) (v) (it+tl) 

<r* (T"— <r+<r* = — 2<7~ r (14) 

(u) (») (tl) (it) (it+c) I 

<r+ <r-— tr- <r+ = <r*. J 
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Let and representn the states with all spins up and down respectively, so that 


and 

Further 

and 

Again 

whore 


= —95 , <Tf^+ = 95+. 


(u) tt) 


(«) («) 
or+9J+ = 0, o~^- — 0. 


a <«r) if («,) 

n cr+<f>~ — G<ft+ and Q (T~<f>^ — . 

r-i r«i 


(7-=^ exp. (^uJ,+n^j,+...+u^Jyy 

(Wj, Wgj permutation P of (1, 2, ... iV^), 

with all jr distinct. Finally 


N+\ (Ur) (nr) 

n rrt =0 and IT rr- = 0. 

f -1 r*=i 


(16) 

(16) 

(17) 

(18) 


(19) 


The Hamiltonian (10) may now he expressed in the form 
1 N (n) (») (-n) (»i) (-n) 

„ S A(4(r+ o-+gr<T* (T*). (20) 


Tt should be miintioiKul that all th(^ subscripts and superscripts are modulo N and 
— jfc E= N—k for any k. 

It is oasy to chwik that the Hamiltonian satisfies the following commutation rela- 
tions, 


(«) («) 


4 

2? 


N 

X 

W,s»l 


(«) («-«) . («) (M-n) 

A— g'A |(r' rr* 


(21) 


(«) («) 

(r-Ji-M cr- 


4 

- S 
Nn-^ 


An) {u-n) 

(a- £,A 


) 


(n) («-n) 
cr~ (7* 


(22) 


(«) 


,(«) 8 




.(m) («—»»).(«+«) (-«) 
(A— A j <r+ O'- . 


(23) 
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Wo 1100(1 furtJior tile coiiinnitatioii rolatioiis 


(k) m (tft) (^h) 

<T^ n (r‘ -IT (T^ (T^ 

t I 


ni (f/r + ^') {«f) 

— 2 2] rr^ n' 

r 1 


( 24 ) 


(k) m (ttt) W (wf) 

n ^ U fT (T^ - 2S rr 11' o* , (26) 

f.l f*I r-l r-1 


{^•) m (W/) m [ut)(k) m m (/ft) (ur-hk) m (wr*f^/# + it) tn (m*) 

rr n n- - n - D 11' ^ II" rr+ 

^ 1 <-i r=i r 1 


( 26 ) 

(^) m (ut) ni (w^) (k) m m (ut) (Ur-hk) m (ur-j-u/t-j-k) m (ut) 

(T^ Tl fr‘ — Tl O’" (T^ — 2 n' (T+ ar^ -2S rr* H" cr~. (27) 

^-1 t^\ f-i f«-.i 

) 


' (lasli oil tl\e product sign ol right hand sid(^ of the above relations means tiiat 
tlie corresponding factors aro oniitte<l and similarly two dash(^s nutans oon*t>s- 
ponding two factors and are omitt(»d. 


Tlieso formulaic can be easily (istablisluid by the nitithod of induction. Their 
validity for m = I and m> -= 2 can bo easily verified. Lastly due to the linear 
independence of the states, 


N U*) 

from 2] BuO‘^(f> - d follows Bu ~ 0 

N-*l 

and from 

JV (u) 

2] Bu (r~<p^ - 0 follows B'u d 
w-l 

Again, 

N (u) {v) 

^ Bupcr^ (r'^<j}~ —0 

«,t)» 1 

with /:?«„ symmetric in u and v implies 
I ^ 

Bitv - .r 2] Bpt,Vi^V-l)) 






(28) 


(29) 


and similarly 


2- B ur(T- (T 6 ' 

I 


d 


implii^s 


B\iv — 


1 

N 


N 

y 


( 30 ) 
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, («) («) (») 

The following identities betwwn a-' , rr and rr* are to be noted 


N (tt-v) (ws-w) N (u-v) 1 

(r+ <7- = 0, S cr- or ^0 

and I 

N (W-V) («+v) 

S <7* O'* 

Fiirthor 


and 


N (u) (k-u) k) 
s ( 7 * O -^ i ^( 7 ^ 

tt -1 

iV (u) (A;-w) (A) 

S ( 7 * C 7 ~ —No-- 

11 -1 


(/-M) (Aj+«) 

( 7 + o*^ — r 




(31) 


(32) 


In virtuo of t}u^ oqs. (29), (30) and (31), it follown that in oquationfl, 
N (M-u) {u) 

Yt Bu cr^ (f) {) \vhh Bu ~ Bm--u 

U-rl 

and ^ 

N (A/~u) («) 

B'u ^'0' “ 0 with B*u ~ B’u^uy 

•» s-i 


(33) 


We can take without any loss of gt'iiorality 

N N 

iL Bu 0 , ^ B'u ~ ~ 0 . 

t*«l Uc-,1 


So that oqB. (33) iniplios 

Bu ~ and Bn 0. 

Next, from tlu^ ndation 

(v^u) (fi) 

X DftBu'^ 0 *' ( 7 ^ rr+ 0 - () 

I 

JV N 

with Bu^ ^ S Bu^ -- 0 and S DvBu^ - 0, 

Ux>l f 7 «l 

it follows that 


(34) 


(36) 


(36) 


( 37 ) 
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Similarly from 


g (M-v) (v-u) («) 

S D'vB'u^ (T~ <T- <r-<^* = 0 

", V-1 


witli 


^ ^ D'vB'u^ = 0, 

U-nl V — l 




it follows that 


( 88 ) 


(39) 


for any p, q. 

3. Glassification of the states, their properties and spin waves 

(.If) 

TJu! Hamiltonian (1) commutes with cr\ i.e. total magnotic moment, it is con- 
vi-nient to classify the eigen states of the Hamiltonian according to the eigen 
(N) 

values of <t, (Lich and Mathis 1902). 


Since 


and 


(N) (X) (X) (N) 

arf (T ' — (r+ (»t*+2) 


(N) (/.) (X) (N) 

erf (T ~ rr (ft*— 2), 


it follows that 


1 

1 

> 

1 

J 


(A^) m {nr) m (ur) 

(T^ n rr“< <p- “ (2m— 11 (r^ip~ 

r»i r-1 


aiui 


(N) m (Wr) 

II (T 0 ' 


m {nr) 

(N—2m) n (r~ (p^. 


r-i 


(40) 


(41) 


(42) 


Thus oigi^n fiuiciions of ^ arc Huiiablc linoar roinbi nations of statoH in ouqation 

(41) and (42) with fixi^d w. Woropresont by and states with m 

(w) (w) 

operators cr^ on (f> and rr- on §5+ resptnjtively, m may take values 0, 1,...(-^— 1)/2 
for N odd. Tn caso of N ovitii, for m -= iV/2, ^nT and are same class of staters, 
we should consider only one of them in addition to and with 

m 0, 1, (jV/2— 1). Both (pnT and represents states which are linear 

superposition of with m spin reversals. Wo could have considered states only 
(prrT with ru ~ 0, 1, ... N. But wo prefer the former as, to each eigen 

states (pnT of J( thor(' corresponds an oigenstateo (l>m^ of with the same 
eigenvalue. 
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(i) Symmetry ^ro^ertidi of the eigenstates with same number of spin-deviation 
Let 


X=U af. 

(43) 

it has tho following proportios 



(44) 

N N 

X<j) — II {(T]"' -\- erf )^- = n O-y+^S- ~ 

/-I /-I 

(45) 

and 


II 

- 1 - 

(46) 

(«) (u) (u) («) 

JC <7-+ — (T-X, Xar- as <r^ JC 

finally 

XJf^Xj^. 

((47) 

(48) 

Now lot fio an oigenstato of Ji, whioh may be expressed as 


, (“i) (“a) (**m) 

(pm,- = s B{Ui, M„)cr+ <r+, ...,or+^- 

tt 

(49) 

T 

HO that 


(«l) («s) {«m) 

Xpm~ B{Ui, ... M»i)cr- (T', prf 

“f 

(50) 

r 

Hence from 


sM<i>nr im4>fnr 3 

follows 

(51) 

Ii 

(53) 


and conv(3r8ely from (iq. (52) follows eq. (51) (ptrT and (pni^ are symmetrical states 
with respect to thr, same number of spin deviation from all spin down and all 
spin up. 

( m ) (v) {a) 

(ii) Enumeration of eigenstates and matrix elements of (r+ cr- and cr*. 

The number of linearly dependent states ^rnT and with m spin deviations 
are NI(m\{N--vi\) each. Taken together they account for 2N\l{m\(N—m)l eigen 
states of Jf, T1h 3 sum over all i)erinissible value of leads to 2^ states, 

Let0m^(a) and be the eigenstates of ^ with eigenvalues znd 

respectively, a ~ 1, 2, ..., N\l(m\{N—m)l) and = 1, 2, ,,,, N\l{n\(N— 7i)\), 
From oq. (40), follows 

(iV) (u) (u) {N) 

(}>m~((X)- 0^ (o^+2)<4„-(/9) 
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Tlnw tJu^ iiiiitrix oloiiK^nts fnv iK.iivanishing only whon m = the relation 

(“> . 

is exactly the saiiio witJi (pm'(<x) and Similarly the relation lor (T is 

(u) 

(”) 

But the cerresiiondiiig relation tor ir* is 

(v) 

(Wi - II )^m' (a) <l>n~U^) d 

{V) . . . 

TJius (T^ tlu‘ stMl.(‘s witli saiiuj iyiX‘ oi spin deviation HtaioS. 

(iii) All (hnvH and spin up slates. 


It is (jliiar fVoiu ilu» i^xim^s.sion (20) oF tlio Haniiliotiiaii that both and (/>^ 
arc (UgciistatdS of in fact, 


{N) (N) 

Ji(l> Jt4 > ' — A . 


( 66 ) 


(iii)(])) Hpln imva with single spin deviations 

x\. 2 >p|yiug tJio (loniniutation relation (21) on (f> , one obtains with the hell> 
of equation (10), 


(N) (p) (N) (pj ip) 

{J/—Ng A ) rr^ ^4“ =. 4(f7 A — A ) (56) 

(P) ^ . W ip) 

Honco, cr'-^/v'A' is a (normalised) (Ugonstat(» witii eigen value {(iV+gr)' A —4 A \ 
with p — 1, 2, ... iSiinilarl}" from tlu^ identity (22), it follow that tile eigen 

{p) — . 

state eorresponding to one spin deviation fioiu all spin up states is with 

same eigen value. They an*, tlu^ simple spin-waves of Bloeh and are 2N in number, 
(iv) Isotropic case 


(iV) (A^) 

In tills rase i.e., witli g 1 it is well known that cr+ and rr also eommute 
with the Hamiltonian. So that from the above single spin -deviation states 
(/>> (JV) 

l)y operating with (<r<^)^^^ m — 1,2, ...iV — 1 one obtains JV l other 

(X) ip) 

states with fixed cr^. Tliey l)eloug to tJie same eigenvalue namely (JV+4)A— 4A. 

rm ^^) 

J Key ran also g(MUM*a1(?d by starting from jy/N and operating with (cr*^)”^, 

m 1 , 2 , ... N — \. 


4. Spin wave with multiple spin deviations 

I) Spin waves with two spin deviations 

Tile rommutatioii relations (21) and (22) immediately Suggest that the eigen- 
functions with two spin (h^viations are of the form 
N {M-u) (w) 

-- S Bu cr+ (T^ (If _ 1, 2, ... N) 


( 57 ) 
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with 


Bu — Bu-u 


and 


N 

S = 0. 

U«1 


From equation (21), it follows that 

{N) (N) (M-u) 

S{^+(iV-8)flrA+4(A+ A )}{5 


(M--u) (u) 

u cr^ (T+^~ 


( 68 ) 


where 


% 

N 


N (M-u) («), 
'L bu <T+ 

f|wil 


N 

bp ^ A Bn ~ 

71 "*1 


Now if we choose Bu such that 


(69) 

(60) 



(61) 


thon ^2 eigen vector of ^ with eigenvalue ^2- If follows from equation 
(29) that B should satisfy the equation, 

{N) (u) (M^i) g 

{{N^S)g A +4( A + A J bu - ^ bj, 

r (N) (M) (Af-«) 

1.0. \{(N^H)gA f-4(A h A 


Afj {u-n) {M-u-n) (n) (M-n) 

-f-fi A + A ^A^ A }] 


Bu - 0. 


(62) 


In virtue of equ. (58) all the above equations for B^ are not independent. When 
N is odd for a fixed M there arc only (iSr/2— 1) independent equations so that 
from the secular equation (62) follows (^/2— J) eigen states of type (57). Again 
when N is even for M odd the number of independent equation is (A^/2— 1) and 
for M even the number is N 12. Thus the total number of eigen states of the form 
(57) is iV(jV— 1)/2. From oqs. (51) and (62), it follows that 

s (M-u) (u) 

^62+= S Bu O'- 0-^6', (if = 1,2, ...AT) (53) 

tt-i 


is also an eigen state of Jl with the same eigenvalue. This can also be establisshed 
by proceeding exactly in the same manner with two spin deviations from all spin 
up states. 

23 
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Each oigen valu© is at least two fold degenerate. Thus what is important 
is the spin deviation and not the background states, o.g. all spin up or down state. 
All these states (67) and (62) together give N(N—1) linearly independent states. 

They account for all the states in the two N(N—1)I2 dimensional subspaco of (r» 
with eigenvalue, (4 — N) and (N — 4). The normalised oigen States of with 
eivenvalues »re 

„ {M-u) (u) 

= <r+ (64) 

tt«l 

with M =^\,2, ... N and a = 1, 2, ...(JV— 1)/2 (or N12 or iV/2— 1). .B,(Jlf, a) 
are solutions of the secular equation (62) with oigen value fa normalized 

that 


£ Bu(M, a), Bu{N, p) - 8^, (66) 

tt*l 


a) are orthogonal also, i.o.. 


<f>2 {M, a), P) = 


(66) 


II) Hpin imves with three spin deviations 

We proceed in the same jnanner as in the ease of two spin deviations and try 
to obtain eigen states of with constants such that 

(M-v) {v-u) {u) 

^ C'„ 96 j“(a(i;)) — Y, CvBu(ol(v)) a-* (67) 

V v,u 

4>2 are oigen states of with two spin deviations belonging to oigonvaluos f2(‘'» <*) 
and 


J OJiuko, oc) = U. (68) 

From the commutation relation (21), on© obtains 

I {M-v) {N) 

oc))4>2-+ S^|4( X -gX )C„Bu(v, a)+-^ 


^ % (M~v) (v-m) (w) 

^ oc)+Bv-.u(v--n, cc}) | or+ (r+ cr^ (fr == 0. (69) 

Thus ^3 may bo an eigen function of with eigenvalue ^3. if one can choose 
fs such that 


S A{M^ Vy u) 

u V 


(M-v) (v-u) (u) 


-=:0 


(70) 
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where 

. (M-v) (N) 

A - a)-4( A -gr A )}6’^«(v a) 

Jf (w) 

i: AO„_„{B„(«-«,a) h£._„(t>-w.,a)}. (71) 

iV f|>==i 

It follows from eqs. (36) and (37) that 

A{M, M—v, u)+A{M, M—u, %t)-\-A(M, w+v, u) — 0. (72) 

These are linear homogeneous equations for 0^ and the compatibility conditions 
determine the eigon values fj. luj virtue ol eq. (68) and symmetry of the eq. 
(80) in u, V, all the equations in (80]| are not bidependenl. It is not very difficult 
to show that total number of lineirly independent states given by (67) 

with M — 1,2, which can be constructed from the solution of equation 

(80), is N{N—l)(N— 2)1(3. They form an orthonormal set in this subspace of three 
spin deviations from all spin down state. From relations (61) and (62), 

(M-v) (v-u) (tt) 

<p 3 + = S OtBuiv, ac) O'- a- <t (78) 

are exactly similar eigen states for three spin deviations from all spin up states. 
Proceeding in the same manner one can obtain eigenstates with wi+l spin devia- 
tions when eigen states with m spin deviations are known. 

5. Discussion 

In the conclusion we wish to make the following observations. 

(i) The problem of obtaining the eigen states and eigen values is reduced 
to the solution of eqs (62, (80) and similar equations for higher spin deviations. 
For small values of N<9. These can easily be solved algebraically. Hulthen 
(1938) have given explicit solutions for N = i, for nearest neighbour interaction. 
Sxaot solution of these equations are involved but approximate eigenvalues and 
hence the eigon states may be quite easily obtained for large N . 

(ii) The method used in the paper is not restricted to nearest neighbour 
interaction. AU finite long range interactions may be considered. In this context 
it may be mentioned that our analysis shows that many results which are usually 
referred only to nearest neighbour interactions are valid for long range interactions 
also. Dyson considered long range interaction but with the same strength. i.e., 
agS in eq (2) are taken the same. Wo have not imposed this stringent restriction. 
This has the added importance that our results are not confined to linear chain. 
In order to apply the results to crystals one has to suitably group together the 
terms with different set of constants. 
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(iii) 'Finally, the presence of external magnetic field does not basically change 
the nature of the states. Because, in virtue of the eq (14), the commutation 
r('lations (21 ), (22) and (23) are simply modified by the addition of a constant to 
one term in J/!. Further the symmetry relation of the eigen states with same 
immbei of spin deviations from all down or all up spin states, is also maintained 
with due modification. It is easy l,o seo from eqs (46)-(48), that if 

Mmhrm - ( 74 ) 

then 

(76) 

where H is the strength of the external magnetic field. Thus is a 

eigen state with m spin deviations from all spin down state with eigen value 
correspond to with m spin deviation states from all spin up 

state with eigen value im{E). 
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Surface wave instabilities in InSb-GaAs semiconductor 
plasmas: The temperature effects* 
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Abstract. The surface wave instabi litios in n-InS b and »i-GaA8 (having two valleys) 
semiconductor plasma structure is studied in presence of strong electric fields 
where the carrier collision frequency becomes the temperatme dependent. The 
way of introducing the temperature dependence of the collision frequency is 
the same as have been used in the earlier work (Kaushik et al 1975; Ram Chandra 
& Verma 1976). Using the quasi-hydrodynamic approximation and solving 
the Maxwell’s equations together with the linearized equation of motion, the 
dispersion relation for the system is derived and is solved numerically with the 
help of IBM- 1130 computer. It is found that one of the root increaaes with 
the heating electric field. It is also found that one root of the dispersion relation 
changes sharply as the magnetic field increases while rest of the roots are little 
affected. 

1. Introduction 

There has been a great interest in the past few years to study the electromagnetic 
waves and instabilities in semiconductor plasmas (Ram Chandra and Vorma 1975, 
1976, a, b,c Bok and Nozieies 1963, Bartelink 1967, Hsieh 1972). Hsieh (1972) 
has reported the results for the wave propagation and instabilities in InSb magneto- 
plasma in the presence of a weak longitudinal electric field and hence using field 
independent carrier collision frequency. However the above treat tnent is not 
applicable in the presence of hot carriers due to electric field where the carrier 
collision frequency becomes field dopemdont. Recently Kaushi et al (1976) have 
studied the effect of strong electric field Eq on wave instabilities and propagation 
parameters using the temperature dependence of the collision frequency in a 
magnetoactive InSb plasma at both room temperature and liquid nitrogen tempera- 
ture. 

"'This work was in progress when the first author (RC) was at the International Centre 
for Theoretioal Physios, Trieste (Italy) during early 1976. 
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In tJio prosont paper wo have studied the surface wav© instabilities in n-InSb 
and two valley 7 i-GaAs semiconductor plasma structure in the ptesence of strong 
electric field The way of introducing the temperature dependence of the 
collision frequency is same as have been discussed in the earlier work (Bam Chandra 
and Verma 1976, Kaushik et al 1975). Making use of quasi-static approximation, 
a dispersion relation for th,e system is derived. The dispersion relation is then 
solved for the complex propagation constant with the help of TBM-llSO computer 
for iJlo diffen^nt valiums of the heating electric field. 

2* Analysis 

The g(»omotry of the x^rohhmi analysed is shown in Fig. 1. The medium T is th(^ 
M-f nSb semioondnctor plasma and the medium 1 1 is the w-GaAs polar semiconductor 
plasma in which we have assumed that there exist two streams of carriers (Steele 
and Vural 1969). The directions of the carrier drift and the propagation are 
along the 2 -axis wliicli is also tlie din^ction of applied static magnetic field Bq. 
We arc going to make the quasi -static approximat ion and the variation of all 
r.f. fields of the form exp[j(aj^— -A-^)). Furthermore the system is assumed to be 
uniform in tJie y-direction and tlierefore all the partial derivatives with respect 
to f/ vanish. 


X 



Making use of the Maxwell’s equations together with the linearized equation 
of motion and following Steele and Vural (1969), the scalar potential E= yji] 
in the medium I can bo shown to satisfy the following equation 


dx^ 




( 1 ) 


and in the medium IT, the equation 


^dx^ 




( 2 ) 



where 
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[ eii-ai ] 

fc*. = f ] 

L eii-aj.' J 

L ejg-Oa — «» J 




(w — kvi)\ut — kvt—~jvi\ 

/ 

‘ (w— *»«)[(«)— Wei*] 

Hero * = 1 for M-InSb »umicoiiduotur plaBiua, i ~ 2 for tho lower utroaoii of the 
electrons in tt-GaAs plasma and ( = 3 for tl^e upper stream, wpi and we* are 
rasxHHstivoly the plasma frequency and tlio cyclotron frequency of the electrons. 
eti is the frequency iiidepondent lattice dielectric constant of the medium I and 
6/2 is the frequency dependent lattice dielectric constant of the medium II which 
is given by 

-e®wr* 

^^2 ^ 2 2 

wliero and e® tho high and low frequency dielectric coiiatants respectively 
and WT i« the transverse optical phonon frequency. 

Tho collision frequency v is given by 

V == i^oiTelTo)^ (3) 

whore is tho offoctivi^ carric^r lomperai.uro duo to the heating electric field 
Tq I'lto lattice temperature and Vq the collision frequency when Te — Tq, The 
<iffoctive toinperaturo can bo calculattKl by tho proctniuro outlined by Kansliili: 
et al (1976). 

After writing tho solutions of oqs ( 1 ) and (2) in the respective media and 
ajiplying the proper boundary conditions at tho iiitorfaco a? = 0 , one can arrive 
at the following dispersion relation 


2 Cik^+Co = 0 (4) 

i»l 

where 

Gs = V(« 75 “ 6 '« 67 ) 

Oy = — 1 ’% 2®67 1 “^ 1^(®76 ^® 68 ) 

G% = aiea75+ai5«^e— e(a23ae7+aaa»a8)+V(»7^ 

^5 === ®17®76H“^16^7e’+‘®16®77 ^'(^84®67+®28®«84'<S^82<*e») 

+V(a78-^«7o) 

G^ =5 <^27^54'^17^76^^16%7 

"4" ®a4®68 4*<*28®e» ®2a®7o) '4' — ^n) 
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6?3 = a27a7al~»l7®77 +^16^78 + %6<^79 

— ^(ajgagg + <X24ae9+ ®23^7o ^22^71 ) 

C 2 ~ <5^270^77 + ^17^78“!“ ^16® 70 

— €{ai^a^^~\ ^24070 f" ^23^73) 

— a27®78 + 7^79 ^(®19^70 4’ ® 24^71 ) > 

Oq ^27^79 10^71 » 

^^16 ~ 4-co)7’^*^, “=^ z^j^(6£i>^ 9^Vja> ^ex^)> 

»17 ^ ^^aJVi^--io}^-'jpi^'-jpi(Vei^+2wu}ci^), 

«19 ^ ®38 = %i ==^ «*>(«*>--“ 

^21 = U}^ — Pi—OJci^ — ^jViOJ. <*22 ~- 

®23 ~ ^11^2o/^ ^1^21' ^20 ~ 

<^21 — ^)J» ®27 ~ 

^24 ^-*67 ^ ^2^^36%0> ^36 ~ ^26^ — ^C8^> 

^^26 ~ ^^56 ~ (^^'i2^2C ®26 ~” ^ 

^68 ~ 57^36 l“®6«^S4» ^57 “ ^2!^ ■i~^25)f ^PS^ 

“ ^^2<^25^3r>’ ^^00 " ^2^^58®35 'l~®67^r>4 l ^5B®34®35> 

^^58 ■' ^(^26^P2^~^^25^P8^)» ^34 ^25^ ^C2^j 

-I26 ““ ^-^25’ ^^26’ ^^70 " ^84^^58 'I* ^67^34^35* ^^71 "~ ^58^34^35’ 

^7f» " ^^60^28) ^«0 ^ ^’2^(^P8^®26 ~^/2^^35)> ®^28 ~ ^2^26 > 

^'7G ~ ^61^28 1'' ^60^25 » ^61 ^ 4^25)1^^2^35 ^P8^^26J 

^77 - ®62^28~t '^61'425> ^^78 ~ ~" ®03^28H' ^62-^26 » 

^62 <’2(^^34 l*2wa25)(wj,3%28 — a>€|2a86) + ^^^2«>P2^«35» 

^^63 ~ ^P2*®25®35 ^P3^®26^34]> 

a^g — '"^63-^265 

and 


6| 

In arriving at the dkperaion relation (4), we have assumed that the drift 
velocity of the electrons Vg in the upper stream vanishes and consequently provides 
the stationary background plasma. 



Table 1. The variation of the roots of the dixperaion relation for different 
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Table 2. The effect of heating electric field on the roots of the dispersion relation for three values of ajp 3 at a fixed frequency 
oj — 2.0 X 10®rad.sec~^, Bq = 100 KG, ojp 2 = 1.2wt and vg == ^3 = 0 
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0.130 0.139 0.332 0.334 0.3S4 0.347 0.333 0.333 
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3. Results and discussion 

The resulting dispersion relation (4) in of eighth degree in complex wave number 
lc(k = oc+jfi) and therefore it is very difficult to solve it analytically. We have 
solved it numerically with the help of TBM-113() computer for different cases. 

The mechanism of obtaining the growing surface wave modes is such tJiat tlie 
product (xfi must always be positive and thus the power is extracted by the wave 
from the medium which causes the convective instabiity. 

The following numerical values of the different parameters have been used. 
For ?^InSb : e/j = 17.5, = O.OlSw-o, 2xl0’®cm^^ vq = 2.2x10^^ sec~^ 

at 290°K. For ?i-GaAs : = 12.0, 10.0, - 8.2x10^2 

mg 0.072mo, 7n^ == 0,30 w7q and a}p^la}T “ 1.2 which corresponds to the eh^jtron 
concentration of 8.2 x lO^® om-^. Th(> results haV(» l)(H>n obtaiiuMl for different 
values of cti^^/coy. 

Lot us first consid(rr the caso Vg — 1^3 — 0. Table 1 shows the variation of 
the roots with the frequency for a fixed value of at ~ 100 KG. Onl}' 
roots for which the product ay? is positive are shown. Tt is founrl that tlio two 
roots hi and ^3 grow witli the frequency. 

The effect of increasing electric field on the roots of the dispersion relation 
foi’ throe different values of cop^ at Bq = lOOKG and w -= 2 x 10® rad.soc"^ is shown 
in Table 2. It is found that for all these values of there exists one root 
which increases with the heating field. It is also found that for a particular value 
of the heating field, hi increases with the increasing values of cop^. 

Tables 3, 4 and 5 show the effect of magnetic fii^ld for cop^ ~ 1.2aj5r, 3.3 wr 
and 5.2a>2^ respixjtivoly at Eq — l.(» (osu), a> = 10® rad. sec“^ and o)p 2 “ 1.2ff)grT. 
It is found that there exists at least one root hi whicli increases sharply with the 


Table 3, The effect of applied magnotic field on the roots of the dispersion relation 
CO = 10®rad,seo~h Eq *= 1.6esu, wp^ = wp 2 == l.Swjr and = 1^2 = 0 


Bo(KG) 

II 

fix 

11 

-02- j fit 

fiz 

as 

-oa-jfia 

Pz 

1 

0.888 

0.167x10-1 

0.264 

0.104 

0.110x10-* 

0.392x10-^ 

3 

0.933 

0.732 

0.206x10-® 

0.311x10-® 

0,297 

0.301 

5 

0.101 xlO^ 

0.203 X 10® 

0,461 

0.475 

0.299 

0.300 

8 

0.167 

0.837 

0.494 

0.496 

0.299 

0.300 

10 

0.229 

0.167x10^ 

0.497 

0.498 

0.299 

0.3000 

16 

0.728 

0.743 

0.499 

0.499 

0.299 

0.800 

20 

0.207x10® 

0.229x10® 

0.499 

0.299 

0.299 

0.300 
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jiiagnetic field for all those values of uipg. The other roots and are little affected 

by the magnetic field. 


Table 4. The effect of applied magnetic field on the roots of the dispersion 

relation. 

ui = 10®(rad.sec“^), Eq = 1.6(e8u), caps «= S.Scuj?, wpn *= L2wir and vi^v 2 ^ ^ 


Bo(KG) 



= 

-oa-j^a 

P 2 

k^ 

fia 


/h 

aa 

aa 

1 

0.910 

0.446 X 10-' 

0.233x10-* 

0.191x10-* 

0.276x10“ 

* 0.312X10-* 

3 

0.114x10* 

0.347x10" 

0.461 X 10-® 

0.474x10-" 

0.299 

0.300 

5 

0.162 

0.964 

0.494 

0.496 

0.209 

0.300 

S 

0.479 

0.472 X 10* 

0.499 

0.499 

0.299 

0.300 

10 

0.102x10= 

0.110x10" 

0.499 

0.499 

0.299 

0.300 

15 

0.483 

0.544 

0.499 

0.499 

0.299 

0.300 

20 

0.151X103 

0.171 X 10" 

0.499 

0.499 

0.299 

0.300 


Table 5. 

The effect of applied magnetic field on 

the roots of the dispersion 


relation 







(0 = 103(rad,soc~^), Eq = 

1.6(e8u), wpQ 

^ &.2a)Ty <*)p 2 = 1.2wy and j/j ~ ^ 


ki — 

ai+iA 

k^ ■ 

1 

1 

1-3 = 

-eh-j/h 

Bo(KG) 

ai 

Pi 

aa 

P 2 

a3 

A 

] 

0.447 X 10° 

0.923 X 10-1 

0 613x10“= 

0.486x10 " 

0.290 X 10- 

* 0.304x 10-* 

3 

0.123x101 

0.497 X 10" 

0.484 

0.489 

0.299 

0.300 

5 

0.242 

0.200 XlO^ 

0.497 

0.498 

0.299 

0.300 

8 

0.103 X 10= 

0.113x10= 

0.499 

0.499 

0.299 

0.300 

10 

0.24] 

0.269 

0.499 

0.499 

0.299 

0.300 

15 

o.nox 103 

0.134 X 103 

0.499 

0.499 

0.299 

0.300 

20 

0.380 

0.426 

0.499 

0.499 

0.299 

0.300 


Tlio variation of the roots of the dispersion relation for three different values 
ot tops at a>p 2 — 1.2a>r and JBq = lOOKG is shown in Table 6 for the case when 
Vg ^ 0 and Vq -/z 0 . The results are shown for Vg = 0.4 = OAwp^ and Vg 

= wpo, V 3 = 0 )^ 3 , for the first seven roots only. It is found that there exist two 
roots and which show the convective instability for co^g = wp^ = 1.2wTt 
the growth rate decreases with increasing values of and for the mode ki while 
it increases for the mode k^. At higher values of wp^ both the roots decrease with 
the collision frequency. 



ren roots of the dispersion relation for three values of 
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Silver iodide-growth, electrical and optical properties 

P A GovindacharyiUu and D N Boso* 

Electrical Communication Engineering Department, Indian Institute of 

Science, Bangalore. 

Introduction 

Tho optical and electrical prtjperties of some t)f Hu*. silvi*r lialklos liave been 
studied in conniderablo detail, spc^soially because ol tlu‘ii‘ importance in photo- 
graphy (Brown 19(i7), silver chloride and bromide are tl\us well under- 

stood, comparatively little information is available on silver iodide primarily 
duo to tho difficulty in growing good single ciystals. This is because 
/?-a transition at I47'X' rules out growth from tlio melt. Recently methods 
have been developed for tlu} growth ol /?“AgI crystals Irom solutions and in silica 
gels (Suri et al 1970) oJiabling the detailed study ol their properties. 

Silver iodide presents some interesting iliflcn^ncos witJi otlu^j* silvei luilidcs. 
At rt)oiii temperature it (exists in the stable vvurzite stiiicture (//-Agl) or in tlui 
mota-stablo sphalerite structure (y-AgT), wliile tJ\e otlmi* halides Jiave the NaCl 
structures At 147^^0 //-AgE undergoes a pliase transition to a b.c.c. structuie 
(oc-AgI) whicl\ exhibits fast ion oondu(?tion. TJie study ol ionic cojiduc- 

tivity, photoconductivity and driit mobility was carric^l out on single crystal 
//-Agl and has led to tlie detormination ol defect (U’catioii and migration energies 
and understanding of carrier transport and band-structure. 

2. Growth 

Single crystals of /J-Agl W(H*e grown in the form ot platelets and pyramids bj^ 
slow dilution of K.I— Agl couij 3 lex in silica gel at 40"C. Agl is insoluble in water 
but highly soluble in aqueous solutions of KI or HI, tho solubility decu easing 
rapidly with dilution. This forms tho principle of tlxe growth method. An 
acid gel was formed by reacting sodium metasilicate with a mixture of KI and 
acetic acid. Tho gel was allowed to set for a day. A concentrated solution of 
KI was first diffused into the gel followed by a solution of Agl in KI for a period 
of two weeks. Tho supernatant liquid was then diluted with water at intervals 
of one week. Tho system was kept at 40^' C througlioui. Dilution led to the 
decomplexing of the KI~AgI complex formed originally in tlio gel and the growth 


* Pi'esently at Materials Science Centre. 
Indian Institute df Technology, Kharagpur. 
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t.r two tyiws of crystals, lioxagonal platelets upto 8 mm. and pyramids upto 
4 mm. in diameter respectively. 0-8 mole per cent doping with copper could be 
achiet'cd during growth, but no other impurities could bo similarly incorporated. 
Clompositional characterisation using spectrographic analysis revealed trace 
impurities loss than 20 ppm of Si, K, Fe and Cu. 

3. Ionic conductivity 

Sami)k's cleaved from hexagonal pyramids with silver paint contacts wore used 
lor ineasurcmients at 10 Hz near and above room temperature and with d.c. at 
low tejiiiJoratures. (ktnductivily wms measured both parallel and perpendicular 
to tl'.e c-axi.'t on undopod and copper-doped specimens and also on specimens 
soaked in CclCL solution and annealed at 80°C to provide cadmium doping. 
The activation energie.s and E.^ obtained from plots of logcT vs IjT at hi|^ 
and low toinperaturos rcispcciivoly are given in Table 1. 

Table 1 


(‘rystal and direction (oV) £^2 


Parallel to c-axis 

Undopod 0-73 (0-79) 0-41 (0-62) 

Copper-doped <^74 (0-79) 0-44 (0-49) 

Cadonium-dopod 0-73 0-50 


Porpendiciilar to c-axis 

Undopcid 0-58 (0-59) 0 38 (0-39) 

Cuppor-dojiod . . . 0‘39-0.43 

Cadmium-doped ... 0*60 


TJio valuos ohtaiiKxl by (Jocb.raiie Fletclv^r (1971) aro given in brackets. 
From tabic 1, the Frc^nkcl defect formation tmorgy hf is found to 
be 9d)4 cU. Divalent (^adoniuin is known to introduce silver vacancies and 
hence the activation energy for silver vacancies (c) ~ 0*50 eV while from the 

V 

results on undoiHxl specimens the interstitial migration energy ~ 0'41 eV. 

In parti(!ular the interstitial mobility is found to be given by 


/H 


83x10® 

oxp 


/ 0-41 
\ kf 


) 


and is 4*0 x 10-’ cmV V-soc at 300^K, 

The effect of coiiper doping has been found to reduce the lattice parameter 
by 0*44% and hence the slight increase in activation energies could be due to 
motion in a contracted lattice. Cochrane and Fletcher (1971) had assumed 
that copper existed in the divalent state which would obviously give rise to the 
creation of silver vacancies. The present conductivity measurements do not 
support this conclusion. E.S.R. studies from 77^K to 300°K in coper-doped 
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ory^ital further showed that leas than 1 copper atom in 1000 could be in tlio 
state since no signal corresponding to Cu+‘^ could be detected. The basic 
difference between Cd++ and Ou+'i' is in the high second ionisation potential of 
Cu+, 20*28 ev coinimred with 16*91 ev for Cd^ wliicJi thus favours the Cu'^ state. 

4* Pbotoconductivity 

The excitation spectra of photocondiictivity in undojxHl and ctippor-dojiod y^-Agl 
are shown in figure 1 . Peak rosponae was foitnd to occur at 2*88 eV for undoped 
and at 2*81 oV for copper -dop^nl spoeiinens at 260''K. These values as well as 



Figure 1. Spectral respenso curves of photo -conductivity. 

1. Pure at 147 °K 

2. Pure /?-AgI at 222°K 

3. Copper-doped y^-Agl (0*8 mole percent) at 14PK, 


tlve temperature dopeiidenco agree well witJi the absorption edge energies measured 
by Suri and Henisch (1971) on single crystals but differ from the results of 
Cardona (1963) obtained on evaporated thin films. The comparison is given 
in Table 2. 

No additional structuro was found for copper-doped specimens suggesting 
that as Oul— AgC forms a solki solution, a decrease in band-gaj) occurs without 
formation of localised states. 

The anisotropy in photoconductivity with the incident radiation polarised 
parallel or perpendicular to the c-axis is very similar to that obserA'wl in othei* 
compounds such as CdS with wurzite structure. This is due to tlu^ natiu'o ol 
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tJio valonce band wliich is split into a F# and two F, levels. The anisotropy is 
lucasuro of th<> enorgy dif&renoo between the and the upper r 7 level at 
k ^ 0. TJio valonce band ^^tIUctures of AgCl and AgBr an discussed by Brown 
are (luito ditlorout, with the niaxhnuni displaced from i = 0 and exhibits no 
Band-strncturo calcitlations (Smith 1976) leave no doubt that the 
conduction band miniiuuiii in all those compounds is at A; ~ 0. 


Table 2. 



This work 

Suri and 
Henisch (1971) 

Cardona (1963) 

rhok)c.‘onciuctivily Peak/ 
Absorption odgo (oV) 

2-88 {260^K) 

2*85 (260^K) 

2-95 (4'’K) 

Pure specimens 




Uoppor-doped (0-8 mole) 
percent-) 

2-81 (200"K) 

2*79 (260‘^K) 


Shift due to oo})por doping 
(oV) 

007 

OOG 

0-004 (4"K) 

Temj)crat urtJ de| icndonco 
of hand-gap (eV/“K) 

4 /. 10-‘ 

2*8 

0-1 10--* 

Anisotropy Pure specimens 

0-01 

O'OlO 

0036 


(eV) 


TJius /j~AgI xuobably has a diioct band-gap like OdS witli the valence baud 
iiiaxinium at k — 0 unlike AgCi and AgBi. 

5. Drift MobUity 

Drift iiiohilit V was measured by direct obs<u'vation of the transit -time of holes 
<\\cil(^(l by a 0*5 /^sec duratioji argon flash (Govindacliaryulu and Bose 1977). 
Pu1s(hI driit liekls wei*(^ used to avokl ionic polarisation. The charge of tJto 
drifting can iiT wliich was positive was dot erniined unamliiguously by the polarity 
of th(^ aj)X3li(Hl hold, oloctron life-times being too small to allow mobility measure- 
iu( iits. Transittinios woto jnoasurt»d for a range of applied voltages, and the 
mobility obtain(‘(l f)y plotting vs 1/ V, since /la ~ L^l where L — specimen 
length. The variation of /la between T — 260-320'^K is shown in figure 2 and 
s]\ows a ii ax)liiuiti>d behaviour given by 

1 

ix-Hl Mi, 

wluMHJ /ijn — nucros(;(JX)ic; mobility, (jtlg^ = ratio of the statistical weights for full 
and empty trax)x>ing states ^ 2, Ny ^ valence band density-of-states, jV’n = trax) 
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concentration and Et = trap depth. By curve-fitting it is found that Nt — 
(3xl0»-6xl0»)/cm* and =- 0-52-t)-5d eV. At 300°K, fia = 12 cm*/V-sec. 
This value is much larger than those found in AgCl and AgBr which are tj'pically 
less than 1 cra^/V-soc and is prohablv diu‘ to botli the more covalent nature of 
/9-AgI giving weaker hole-lattice coupling (coupling constant a = 1-8 for /?-AgT, 
4’1 for AgCl and 4-0 for AgBr) and also to a lower hole effective mass. 


TEMPERATURE 

300 250 200 



Figure 2. Drift mobility of holes as a function of reciprocal temperature. 
Solid line is the computed vcu^ic^tion of mobility using ^ 0*52 oV and 
«« 3 X 10* cm~®t 
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6. Trap Depths 

Tlu^ (looroa ‘^0 of stoady-»stato pliotoconductivitj’’ with decreasing temperature 
oonfiinn^d tJie presence of dwp hole traps at 0*60 eV found previously from drift 
oKibility exp(^iiiiients. Wlien the specimen was biased for electron injection 
log 7 vs 1(7' plot sh<^>W(^d an electron trap of depth 0*28 eV. This trap was also 
responsible for an increase in photoconductivity due to holes below 200*^K. 
Finally transient photoconductivity measurements were carried out (Bose and 
Govindafib.aryulu 1970) and sliowed the presence of shallow hole traps at 0*14 oV. 
The ooncumtration and capture (jross-scotion of the three sets of traps are given 
in Table ti. 


Table 3 


Trap 

Energy 

Hole 

0-60-0-52 eV 

Holo 

014oV 

Electron 

0-28 eV 


Cone. Cross-section 

(3-6) X 10®/om® 10-”cma 
7 X lO^e/cmS 10-»» 


Th<^ deep hole trap with large cross-section is expectinl to b(«i a jnulti valent 
Coulomb trap duo to a double charged anion or impurity complex. The shallow 
ol(\‘tron and hole traps which liave large conccmtration could b(^ associated 
with silver ion interstitials and vacancies respectively, fn addition tlxere must 
be recombination centres whoso nature remains undetermiruKl. It was found 
possible to sensitise the crystals and increase photoconductivity through an 
increase of hole life-time by annealing in iodine at 80"'C. Heating above the 
transition temperature of J47°C on the other hand found to cause a drastic decrease 
in lifetime due to creation of additional trapping centres. 
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I. Introduction 

RcKMiiitly, Ovorbury and Soiuarjai (1976) have .studied the surface composition of 
Au-Ag alloys at using Augar electron spcxjtroscopy (AES). They have 

compared their experimental data with the immolayer regular solutions theory. 
They find that the monolayer regular solution theory predicts much more .segre- 
gation for Ag at the surface than is found expt^rirnen tally. The heat of mixing 
in these alloys and the difference in the heats of vapourisation of pure An and Ag 
is quite large (see Hultgren 1963). Further thoi'o is experimental evidence baaed 
on X-ray diffraction (Averbach 1966), which shows that there is considerable short- 
range order in those alloys. Thus it is expected that the monolayer regulat solu- 
tion model will not be appropriate for Au-Ag a.lloys. 

Recently Kumar, Mookarjeo and Kumar (1976) (to be referred as I) in the 
text) have developed a theory of surface segregation for nonideal solid solutions. 
This theory predicts the variation of concentration with layers as one moves from 
top surface layer to the bulk, and has accounted for various features of surface 
Segregation like temperature dependtmeo quite successfully. However, in 
the above theory the short range order wa.s not taken into account. In this paper, 
firstly we extend the theory of I to take into account the short range order in 
Ouggenhoini-Folwer approximation (Guggenheim 1962). Secondly we use a more 
rtialistic procedure to determine tlie two tJiermodynamic parameters required in 
the theory. Previou,sly, these parameters were taken to be constants. We now 
use the method of Averbach (1965) and the data of Hultgren (1963) to calculate 
these. In this way we are able to take into account to some extent the vibrational 
contributions to free energy, which are otherwise neglected in the model. The 
theory is explioitely applied to Ag-Au alloys. 

*Pro8ent address 
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2. The model and its free energy 

Wo conrtulor a Hoini-intinih' solid binary alloy in thermodynamic oquilibrinm. 
Foi (hdails of the model, \v(‘ refer the iwulw fo I. Following the notation of I, 
W(t for tht‘ ijoii figuration onorgy 

^Ab) (AANAA + f^'AB^AB'i"^BsNBB ( 1 ) 

wlutre Naa gives th<‘ numlu^r of AA nearest neiglxbour pairs etc. in th© given 
configuratioJi. We divide the simii-infinito wysttmi lattice into layers parallel to 
ovt'r j)l!inar surface, and nuiiilM'r the layers a = 0, 1 , 2, ... A = 0 denoting 
the surfa<!<'. Let N^, Na^, denoh' tl>o total mimher of sites in the A-th layer, 
number of . I atoms in th«' A-th layer and munher B atoms on the A-th layer res- 
l>o(!liV(‘ly. Siiuio tlu' energy depe-nds on the nearest noighhour atom pairs, let 
Nar’"^ den<)t(» the pairs within th(* A-th layer, and Naa^'A^^, 
d<^n(>t<>« th<^ jiairH wlien tho two noighhoiirs aro in A-th and 
(A-f 1 )t]i layiM*. N<‘xt wo introduci^ th<‘ sliort rang(^ order parameters in t)\e usual 


maniu*r of solid solution tlusiry (Giiggimlioim 10/>2) \ve write 

Nah^^ - ' 2 x^ 1 !^ (2a) 

Naa^>^ - .-rx(l (2l>) 

Nrr^^ - .'Ad (2c) 

where and ■" Since tlv^ concentration a?^ is to vary 

witJi A, We sj\all require two more slmrt range order parameters ti> obtain similar 
<»xpressionH for intes'layer ])airs. Thus, we ]iav(! 

Nah^Mi ^ (3a) 

Naa^^ ' ' - ’ (3h) 

NrrK^^ ^ y^(] J (3c) 

Nba^A - //x^x , ‘ (8d) 

Tile two parameti^r.s /^x and /J^' are not indejiendent. The relation between them 
follows from the contraint 

Naa^A+^+Nra^A+^ - ZjNa^^ 1 ( 4 ) 

where Zt denotes the numher of nearest miiglihours between two succosaive layers. 
The Eq. 4 gives 

a^x-=»x-i 1 /^Aa?x?/x+i-A'«/x»x-i-i (5) 

The configurational entropy is given by 
/S = ^ log Pff 
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where Pj/ is the number of configuratiuna having a pre-asaigned number of Na*, 
Naa*'>^ etc. In the spirit of Guggenheim-Fowler approximation, wo write 
Pjv aa 

(«) 

whore Z)^ donotea the iimubor of neareat neigliboura for an atom in A-th layer. 
Substitutmg eqa. (2) and (3) in eqa. (1) and (0), we obtain 

t7 = i ivrx( tBB+(Zo-\-Zi)Bx,+BZ,x^^^ 

A.-O L di 

-{-eiZopc^y^ccx + x)) J (7) 

^ [ Z 

&’ -= A: i: {»A(l-'/A<3fA) I'l -CAil-.'/AaA)-! 2x;i//;,a^ In Xf_i/fpc^ 

A-^O L -< 


I-1 /a( 1 -«a*a) hi yx(i- Xi,(Xx)}-Zi{x;,(i-y^^ifix) In Xx(l-yx^_^/i)^) 

I -a^Al/A hAa hi xxyx+if^A \-yx^x yilh' hi yx^i-i i(h' 

hi yx{l-px Xk+i))-\-[Zx-'^){xx hi Xxi-yx hi i/aI] -( 8) 

Horo Zq denotos tlxo number of iiitralayor nearowt neigUbouifcj «o tlxat Z 
= iZo+2^1, and 


^ u 

t — Cab — “9 • /J =-= — ^ 




The quantitioii ccj^ and are now obtained by minimising the free energy F 
= U—l^S with the constraint tJiat tl\e overall concentrations in tlie alloys arc 
fixed. Mathematically, this constraint is 

i mxy^ = Nx, (10) 

A«0 

The minimisation procedure It^ads to the ft>llowing equations 


+1? +Zi { In J- 

2 1— a;x«;^ M 1 -*a+iA 




-»A-A-ihi 


+yM^x hi 


Vm^Pjs 


^U-l Px \ 

^ ^^X+lPx J 




(11a) 
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— — l + -\/l+ 4 ya;AyA 

2y*AyA 


( 111 )) 


^ -{l+y( gA+i-a;A)}+ [{l +y(gA+i— «A)}*+4ya;AyA+ i1* 
2y»AyA+i 


(llo) 


whoro tf is tho La^rangian multiplier for the constraint of Eq (9) and y = 1). 

Noting tJie fact tliat the surface segregation occurs only in few top layers, we can 
(lotcniiine »/, l>y requiring a fixed concentration in the bulk. Thus »/ is determined 
by the equation 


y I BZ 
hi' 


g-lhnfg-g-ln4-y^^ 

2 / yj, 2 1—XbOCb 


wliorc the subHcript b refers to bulk values. 


( 12 ) 


3. Numerical results 

Ah discussed in I, jB is equal to the difference in the heats of vaijourisations of 
luetuLs A and B. The quantities e and a are obtained from t]\o data on heats of 
mixing of tlie alloys. We employ the method of Averbach (1965) to detennine 
these quantities, e turjis out to bo a slowly varying function of and temx)er attire . 

Regular soiution 

mono Layer model 
CSomarJar et at 

Our caicuiodton 



Flgare 1 . Plots of the surface concentration vs bulk concentration 

{m ■* 03 — y) ( -), ( ) and ) denotes respectively the first layer, second 

layer and the third layer compcMations T » SOO^IC 
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^t-0 0.0 hO 


m. 

Figure 2. Plot of the Hurfaoe oorapositions of Ag vs bulk Ag concentration. The 
full line derioteH the averaged surface conoontration of Ag which is the mean 
over the first throe layers and the broken linos denotes tho oorrosponding result 
obtained from regular solution monolayer model. 
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The temperature dependence of e is easily understood as being due to vibrational 
contributions to heat of mixing. The conoentration dependence is presumably 
related to the three body forces and long range forces in the alloys. Using the 
data tabulated by Hultgren et al (1963), wo find JVe ~ — 260‘’cal/mol and NB 
— — 1670ca]/mol at 800‘’K. The numerical solutions for eqs. (11) are obtained 
iol lowing the method ot I. Wo assume that Xx etc. a8S^une bulk values within 
first three layers. Then we write eqn. 11 for the first throe layers and solve thorn 
simultaneously. Hero, we report the results in the absence of sliort-range order. 
The complete solution ol oq (11) is in progress. Our calculation sliows that a 
rather heavy ouricliraent of Ag occurs at the top layer. However, the variation 
of concentration with layers is not monotonic, for in the scKJond layer, there is a 
slight enrichment of Au. In the third layer again enrichment of Ag occurs. This 
sort of oscillation is to be ('Xpoettni as e is negative for thefki alloys, so that unlike 
pairs have lower energy. The results are shown in J’ig. 1. Our results for the 
segregation on the top layer are much higher than those obsorverl oxp{^rimentally 
by AES. Howevi>r, we content tliat an AES experiment probes not juA the top 
layer but one or two layers more l)eneath the top layer. So for eomparisiims 
sake, We sliould calculate tin? average conoentration over first li'w layers. The 
Fig. 2 show's the average of Ag concentration on first three layers ami its comparison 
with the results of monolayer model. Our results are closer to experimental 
values. 
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Cftthodolvminescence of point defects in polycrystalline CaS 

P. K. Ghosh and V. Shanker 

Materials Division, National Pl^ioal Laboratory, Hill Bide Boad, New 
Delhi.l 10012 

1. Introductioii 

Early 1976, we had published an extensire work (Shanker et al 1976) on EPB 
of point defects in polycrystalline CaS, pre|^ared by reduction of calcium sulphate 
in pure Hj or H 2 S. This method is expected to minimize contamination problems 
associated with the widely used method of reduction of calcium sulphate by 
carbon in air (sof» for example, Ghosh and Jain 1974). EPR of these samples 
in the temperature range of — 100°C to — 180®C, reveals a strong resonance 
signal Uq, only under ultraviolet excitation. Above —lOO^C, this signal has 
an €k)tivation energy for thermal quenching of about 0‘18 eV. It has been 
attributed to a sulphur vfkcancy with one electron raised from the lattice. We 
have also detected the presence of F centres in CaS created by prior excitation 
by X-rays. The jP centre resonance signal has no appreciable thermal quenching, 
nor does it require ultraviolet excitation for its revelation. EPR of F centres 
in CaS has been earlier reported by Auzins and coworkera (1963). We report, 
in the piesent paper, oathodoluminescenoe studies of the same CaS samples in 
the temperature range of 30°C to — lOO^C, carried out with a view to identifying 
omission of these centres. 

Pure CaS is nearly nonlumineaoent under ultraviolet radiation from a mercury 
lamp. It possesses an optical band gap of about 4*8 eV (2600 A). It is, there- 
fore, difficult to excite this material with ultraviolet from normal sources, mercury 
lamp or vacuum ultraviolet, because the content of relevant u.v. energy is rather 
small. Absorption by air and normal window material further lowers this energy. 
This limitation is overcome by electron beam excitation. 

2* Experuneotal 

DemourUable Oathodolvminea cence Unit 

Figure 1 shows a demountable vacuum chamber made of glass, in which the sample 
is excited by a high energy (~ 16 KeV) electron beam. Electrons are generated 
from a hot tungsten filament jP, heated by a 6 volt controllable power supply 
FS. . A variable bias from a 200 volt power supply GS is applied to grid G to 
control the beam current. A 0-20 KV, negative EHT supply is connected to 
the grid (or the filament). The glass chamber is coated with a conducting 
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aquadag coating AQ on tho inside, leaving about 3 cnis at the top. Anode base- 
plate B carries a copper rod G with one end inside the vactnim chamber; its out- 
side end is dipped in liquid air for cooling. Tho inside end of (7 is faced at an 
angle of 46^ and carries tl\e sample. Tl\o aquadag coating and baseplate are 
earthed through an aiiiniotor whic^h measures the beam eiirroiit. Parallel earth 
connections an? avoid<xl. ElcKjtrons are initially accelerated at the gap beiwwn 
the filament and aquadag coating AQ and fall thi'ieafter at a constant energy 
towards the sample. A magn<?tie focussing coil FC focussc^s tlie cdectron beam 
to an apjjroxiniately circular spot of about 1 mm diamotcT at tlu^ sample. 

Tile O rings and gaskets used for the assembly and mounting of tho base- 
plate are all made of teflcm. The baseplates is supportc^d by a wooden cylinder, 
which contains tluv dower flask, by adjustable logs foi fin(^ tiglvtening against the 
ground glass flange (d* thc‘ vacuum ehamb<»r. Witli this aT'raugement , Wc' could 
roach down to a tempcMatuio of — lOO'^C, beyond wliicli tl\e vacuum sealing at 
tho baseplate breaks. 

The sample is applied at the end of the c*opper rod iti the fcwui of a fine paste 
made witli \vater (or some organic solvent). No binder is usckI. Aftoi the 
solvent dries off, the sample sticks to the copper surface by virtucr of its ftno 
patticle size. When a high bc^am current is uschI, contamination from c^qiper 
may take place at the heated spot. Tn such cases, we have UvSed thin eovei* slips 
or some organic binder as an insulating layer botwee-n the sample and coijper. 
A copper -constantan thermocouple is attaelied to the surface^ wluTe it is also in 
contact with the sample. The thermocouple loads art^ ({onnocted to t\V(^ 
insidated terminals fixed to the baseplate. 

3. Results 

For details of sample preparation, we would j*ofer to oui eaiiiiu- work (Sliankor 
el al 1976). It should siifhce h<»re to mention tliat CaS obtaiiu^d l)y Hg or HgS 
1 eduction of GaS 04 is designated as CaS H-GO or CaSfHS-60 rt^spectivoly, thi* 
number denoting tlie firing time in minutes. Any subseqiuuit treatmt>nt, o.g., 
firing in Ng with NaCl (4 mole %) *shall bo indicated as CaS H60 : NaCI. Here 
wo shall describe tho results on three such samples, X-irradiated, NaCl incorpora- 
ted and vacuum heated CaS HI 20 denoted simply as CavS : X-ray, CaS : NaCl 
and CaS : vac .heated. EBH denotes electron beam heating. 

An EHT of 15 KoV has been used for all our measurements. Beam current 
used is in the region of 150 //A/cm*. Electron beam heating starts beyond 
240//A/cm*. 

The cathodolumineaoence output of the sample is received through a window 
in the chamber, focussed by a Ions onto tho slit of a Hilger- Watts constant devia- 
tion monochromator and detected by an EMI 9668B photomultiplier. A oorrec- 
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lion for the dispermon of the Kyatem in made with thf> help of a ( alibrated tungsten 
filament lamp. 

Table 1 gives the peak of spectral response, relative brightness and decay 
time at the corresponding peak wavelength, of HeV(^n samples. The luminescenci' 
officioncy is very low in pure samples, CaSH-12d, CaSH-18() and CaS IIS-180, 
the excitation being well within the saturation region, wh.ere omission intensity 
increases sublinearly with tht^ beam current. In this region, energy is dissipated 
by nonradiativo moans c.g.. Joule luxating. The reason for such low output is 
probably low conocmtration of emitting centres, high (tomumtration of quenching 
centres or both. Compared to ZnS (^iblf-activat-od or otheiwise) the efficiency is 
twt) to thr<‘e orders of magnitude J(nvt3r. 

Table 1. 


Sample 

Emission peak A 

Relative Brightness Decay secs 

CaS H.120 

6800 

1*5 



5000 

1-6 


CaS H- ISO 

5800 

3*3 



6000 

2-5 


CaS HS-ISO 

5800 

1*0 ' 

1-5 10- « 


6000 

1-6 


(JaS Van. heated 

5800 

20-0 



5000 

19-0 



426(» 

120 


CaS EBH 

4260 

33-0 


CaS KaCl 

4260 

86-0 

4-0 X 10“® 

Ca X-rav 

5800 

100-0 

3-0 X 10-e 


Duiing room tempei-atun^ measurements, occasionally, a samy)le would bo 
heatisl to inca:ido-)cence at a beam (mrr<mt in excess of 300 Tlu' 

heated sp{)t, after cooling, exhibited a more efficient bhtv' emission peaking at 
4250 A. CaS : NaCl shows the same type of emissioJi. 

Thermal Quenching of Luminescence 

Figure 2 shows temperature variation of lumim^scence of a partially nduced 
sample CaS H-15 down to — 90°C. At room temperature, there is a very weak 
emission at 6300 A. Witli lowering of ttMnporatnre, a blue emission i)eaking 
at 4900 A comes up with increasing brightness. At low temperature the slope 
of the intensity vs. IjT is about 0*18 eV. Ideally, the total energy (area under 
the emission curve) is to be plotted. But due to low brightness near room 
temperature, it was not possible to do area calculation accurately. Furthermore, 
it was not possible to maintain a constant temperature for as long a time as was 
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r<)!' a coinpleto apootial fliBtribiition curve at each temperature- Wo 
Ixavc plotted the readings of tb.o photomultiplier output at 4900 A with changing 
Uonperatun^, The lack of aica calculation has rosulttni in the lowering of slope 
near r(»oni temperature. 

4. Discussion 

Figure 2 also slxows th(^ t(^inperature variation of EPR signal of the same sample 
OaSH-15 (see Shanker d al 1976). The activation emorgy for thoiinal 
(]Uonching of EPR signal is also about 0*18 eV, th(^ same as tl\at for luminoscenoe 
in th(» tejnporatur<^ T*ang(^ of intcr(’«Ht. This stMuns to i)oint to the fact that the 
EPR and luminescences centre arc one and the saiin^. TJie configuiational model 
used to ox])lain EPR ri»sults (vShanker ct al 1976) would also ai)ply to luminescenoo 
of the c(Mdre. It is not certain at i)res<mt whetluT quenching is inherently 
asMoeiattnl witli sulpluii vacan(*y or o(?cnrririg at a different centn'. Tt is quite 
possible that the 6060 A peak would shift to 4900 A at higher brightness. Low 
temj)oralur<> measurements on fully reduced samples are in progress to (mnfirin 
this. 
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The strong 6800 1 emieeion of X-irradiated CaS points directly to an i' 
centre emission. This is easily distinguishable from Mn emission in CaS by decay 
time, which is about 4 ms in the latter case. However, EPB of the same X> 
irradiated sample does not indicate any change in the density of state under 
ultraviolet excitation. The omi.s.sion may he from a different centre created 
by X-rays. Pending the roHults of some more investigation that are being 
caiTiod out, it is difficult to offer a satisfactory model for this emission. 

Finally, the strong 4260 A emis|iuu is possibly due to a sulphur vacancy 
also, since electron beam heating is likisly to increase the concentration of sulphur 
vacancies. The doubt as to the nature of this centre, I’aiscid by the fact that the 
omission peaks arc different, should be resolved when temperature variation of 
this emission are studied. This is bflttng carried out at present. 
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Studies on the electrical and magnetic properties of 
3d transition metal vanadates 

O G Prtlauiia, A L Shashimolian and A B BiKwas 

Solid State Laboratory, Department of Chemistry, Indian Institute of 
Teohnology, Bombay-400076. 

Abstract. Vanadates of the typo (M 0 )«Va 05 (where M s= Mn, Co, Ni, Cu 
and Zn, and n == 1, 2 and 3) have been prepared, and their electrical and 
magnetic properties are reported here. The compounds exhibit hopping type 
conduction, which occurs due to cation or anion vacancies. Cooperative 
magnetic phenomena, if any, have not been observed at 80-340 K, although 
the susceptibility obeys Curie-Weiss law. CosVgOg has a positive (ferro-) 
Weiss constant while ail others show negative (antiforro-) values. 


1, Introduction 

VjjOg rottctH with inot^il oxides, MO (M — Mn-Zn) to foj‘iu vanadatcrH of the general 
forimila (M0)nV205, where n — 1 to 5 (Clai’k and Morley 1975, Bri^i 1957). Hero, 
attention is speoifujally foon».s(Kl on the ineta-lMVgOe), pyro-(M2V207) and 
ortho- (MgVaOa) vaiiadatoH only. 

Gemnally, tlie riieta furniH have BranneriU»-(ThTi20e) type crystal structure 
while the pyre- an? thortveitite (Se2Si207) tyjw and ortho-vanadates are ortho- 
rlioinbie. P(?drogo,sa ef al (1973) liavo roport/od the room temperature magnetic 
moments for M.2V0O7 as : M -- Mti (5-5(5), Oo (4-85), Ni (2-88) and Ou (1-75) BM 
lesptvtivoly; and acuording to Fuoss et al (1970) Co3V20a becomes feri’o- magnetic 
at T < lOK. 

From tin? above literature survey it is evident that information on the 
electrical and magnetic properties of the vanadates is very scanty. In this 
papfw, the salient fiwitures of our exjx?i imeiital data on these materials are reported. 
Other details are described by Palanna el al (1977). 

2* Recnlts and discussion 

Table 1 and figures 1 to 4 illustrate tlie representative data regarding the electrical 
and magnetic behavioui- of these cornpoimds. 

The temperature dopemleiice of electrical conductivity o])oys the relation. 

0- ^ K/r).exp 
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Table I. Eleotrioal cuid Magnetic data for (MO)ffVaOs oompoxmdc 
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M 

n 

Type of conduction 
a 

^SOOK 

ptff (BM) 

Mn 

1 

n to p type 

1*6 xl0-» 

6*00 

Co 

1 

n type 

10 xio-* 

4*19 

Ni 

1 

n type 

61 Xl0-» 

3*62 

Cu 

1 

n type 

l*67xl0-« 

1*95 

Zn 

1 

n type 

diamagnetic 


Mn 

2 

ptype 

2-6 Xl0-» 

3*94 

Co 

2 

jjtype 

2-76xl0“» 

4*10 

Ni 

2 

p typo 

9-2 xlO-3 

2*36 

Cu 

2 

n type 

2-36.X 10“3 

1*20 

Zn 

2 

n type 

diamagnetic 


Mn 

3 

ptype 

3-4 xlO-a 

3*00 

Co 

3 

ptype 

3-6 Xl0-» 

3-21 

Ni 

3 

p type 

1*36 X 10-» 

1*91 

Cu 

3 

n type 

3-6 xlO-3 

1*00 

Zn 

3 

n type 

diamagnetic 
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Figure 1» Log {orT) vs IjTJot Mn^vanadateB. 
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Figure 4. \Ixm vs T for Ni-vanadates. 


whore o-q — a constant, T = absolute tomporaturo and frw energy of 

activation for electrical conduction. Furthermore, the Seeback coefficient, 
a, is nearly invariant with temperature. These observations may be interpreted 
to indicate a thermally activated hopping mechanism for electrical conduction. 
The latter itself is deemed to occur due to small deviations from stoichiometry, 
which may Ijkj either cation or anion vacancies. In order to determine the exact 
nature of defects in these materials it will be necessary to conduct experiments 
under various partial pressures of oxygen. We hope to do these in future. 
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Th« rooiprocal of magnetic susceptibility, y, is plotted against absolute 
t(‘mp<!ratm(f in figure 3, from which it may be noted that, 

0 

X - •yj.y > 

whiclv is nothing but Curio-Woiss law. The sign r)f 0, the Weiss constant, is 
negative in all cases indicating antiforromagnetie interactions, although Co 3 V 20 g, 
witli a positive (ferro-ty|H)) 0 is an exception. Th(' t>ffoctive magne^tic moments 
at T ■= 300 K .show a (le.)reasing tiuidoncy with increasing n in (M 0 )„.V 205 . 
This may be duts to the influence of th<i M-O-M and M-O-O-M exchange inter- 
actions, which are supposed t(» ])«« pnnlominant in thes(' vajiadates (Fuess et al 
H)70). 
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Electrical properties of CoSnTes in the thin film state 

Jagan Q Bamaiio and A B Biswas 

Thin Film Laboratory, Oepartmont of ChomiHiry, Indian Tnstitnio of Techno 
logy, Powai, Bombay- 400076 


Abstract. A study of films of CoSnTo 2 (CoTe : SnTo), prepared under 
a dynamic pressurii of < 10'® torr using a flash evaporation technique is 
reported. The thickness dependence of resistivity, vSeobeck coefficient and Hall 
mobility have been inveid^ig^ted in the temperature range of 90-600 K. The 
charge carriers are observed to be holes and the system shows metallic type 
of conduction. CoTo is reported to be metallic and SnTe a semiconductor 
with a complex two band structure. This anomalous behaviour of the mixed 
system is a reflection of the complex band structure and of a distortion of the 
spherical Fermi surface. 

1. Introduction 

Transiti(fli inotal oompouiids Hucli as itliahtogoiiidos, in tlio tliiii film »stalc, play 
a dynamic rolo in mierooloctr()ui(5,s. Siuiucoiiductiiig inoportios of binary and 
toriiaiy traimition metal c]valc<)gonid(\s havi^ Ixnm oxtismively studied mostly 
in t)io bulk state*. CoTe was reported to lie metallic (Dudkin and Dyul’dina 
1959, Bither et al 1968, Kazno Kanematsu 1962) and SnTo semiconducting 
(Regiirs 1968, Burke and Ricxll 1969, Pliillip et al 1960) with a complex baud 
Htnicture. Tlie energy band gap would dojxuid on tlvt composition of thixr solid 
solution. Thus th(‘ mixed systeu is t^xpixitwl to provide tailorduado and cross- 
over Zero band gap values of interest for dovict> applications. However, ilio 
properties of Coa,STii_a,Te either in the bulk or thin film state scx^in to have not 
been reported in the literature. 

Hie present investigation is concoriuxl with a study of the electrical and 
galvanomagnetic properties of tliiii films of CoSnTe 2 (CoTe : SnTe) at different 
thicknesses and temperatures. 

2. Experimental 

Cobalt, tin and tellurium (each 99-999%) in the atomic ratio of 1 : 1 : 2 and 
weighing about 20-0 grams wore sealed in a quartz tube at a pressure of < 1()~® 
torr. It was then heated for 60 hours at 900® C and quenchiHl to liquid jiitrogen 
temperature. The compound thus formixi was pulverised (200-300 mesh), cha^a(^- 
terized by X-ray diffraction and used for tlie preparation of thin films in the 
thickness range from 300 to 2600 A under a dynamic pressure of < 10~* torr. 
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At tonipctiwittiro nKjuinHl for tlvonnal evaporation, tlieSe conipoHitionj^ 

Diay (li>sH()eiat(» and the eonstituentB would have c;onsidora])l(^ diffetonco in thoii' 
vapour prt^ssunrs. TfuiS ih<^ condeiiHato a^id tJ)e panmt eomposition would 
dilTer in Htoicrhioniotry. With a view to jninitnize thi^ offob’t, a unit for flash 
cA'ajMHal ion of the material was ral)ri(*at<wl and use<l to maintain tho same stoi- 
cluonietric cojuposition of iho film. A i)ow<lor dropper was (employed with a 
provision of au.to-ctontrollin^ llie tinu^ and rate? of fall of 0 oSnTe 2 j>owder on to 
a hea1(d tungstcsi strip boat maintaimsl at about Ma^^nethjally rotat- 

a!>lt‘ sp(s:ial t lu n^t assembly was rabri<;at(sl and einploytsl to carry six substrat(»s 
wliere fibns of different thii kneSM^s emdcl b(‘ deposit<Ml alternatively at different 
substrate tejnpt^ratuiivs in a single pump <lown only. Tlie assembly also allowed 
amusxiing of all tlu^ films sirnultaiu^ously in situ. 

Mioroscope glass slides, ultras<juieally clcunud in j)nr<^ ae(dono and degassed 
at for 3f) minub'S AVc^re used as substrates. A tjpicjal dopositioTi rate 

was A/s<h!. T1u> film thickiusss was nusiSiired using a quartz crystal thick- 
tiess monitor, calibrabsl with a juultiple beam inter ferro meteor. Afbs* deposition, 
th(4 fil»)is w<S(» finally ajim^aled at 30()^'C for seven liours in situ. 

Tiv(' J).(f r<‘.sistance svas measunnl using the* four probe mc^thod. Electrical 
(‘ontacts won? made with Pt-Au pastes or indium (99*99%) solder and tJu^se 
show(Ml olimic beliavior as tested through l-X tmsasurenjt^nts. Kesistivity (/>) 
measurements from 99 t<o 30(1 K were carried out inside a (‘liamlHs* by first, 
crxsiting a pr<issuro of < 10 ^ ton* and tJ)en introducing a purified nitrogtm gas 
into a working chamlx^r to serv(' as a coTiducting nuxlium foF- luiat, transfer. Tlie 
chajuber containing tho sample was then slowly iinim^rsid in a liquid nitrogen 
flask. t(4iiporature uas controlksl within 1 I'^O using a 2 >roportional tem- 

peralurt^ (U)ntr()lkn\ w'liich was nionitorcsl with a dirome — aluiuel tlmrmocouple 
attaclud at the sid(^ of tlu' film, A small hc-abw was also numnted on the back 
sid(» of th(> substrate. All the measurements above room temi)orature (300 to 
t)00 K) Avere canied out at a dyna?nic i)r(^ssure of < !()- * torr. The t(>mjx>rature 
coefficient ol resistance (TCK) measurements w'(U’e carritnl out b(^tw<HU) r«x)m 
and ice t(un[>eratur<' (300 to 273 K) at a pressure of < 10"*^ ton*. 

For Hall ofiect studies, lueasurenu'uts under differtmt magnetic fields upto 
23 Kilo-oersbxls wen^ (*arri(‘d out. Tho ratio of kmgth to tlie Avidth of each 
film was kex)t ncxirly i^qual to tlux'o (Colonibani and Huet 1959). All measure- 
ments W(M’c» taken from 90 to GOO'^K and also by changing tlu^ polarity of the 
nuignet and thc^ dinn tion of the ek»ctric field. TIu-j experimental procidure w^as 
more or k^ss tl\e same as in resistivity measurements. 

For t.]io iiow<*r (TET») moasnronioTita, tlio film was hold botwwn 

two froshly polislwl copinw i)locks, each insiilatocl by tofton block at top. A 
miorolvoafoi' with mica instilatioii was incorporated in one of tlio blocLs for 
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obtaining toruperaturo gradient in the Hample, and resulting Seebook e.ni.f. 
rueaaiiremonifcj wore carritHi undi>r a dynamic pressure of < 10'* tori\ 

3. Results and discussion 

X-ray powder diffraction pattoriijj of doponitod thujk films wore found to corro>s- 
pond to the intensity and d spacing values of thtj bulk componnd. No extra 
lino duo to either pure Co or Sn osr To or tlieir oxid(‘, or any impurity from the 
evaporating strip was noticed. 

A linear iucroii.so of resistance with tomporature>s ranging from 30 to 220°C 
i>s illustrated in figure 1 for two films having thicknesses of 320 and 760 A. 
Measurements made during heating and (?ooling][oy(jles and also after a period of 
50 hours follow nearly the same path which indujates tliat neither phas<^ transi- 
tion nor any appreciable oxidation has occuiTt>d in the films. 



Figure 2 shows thejvariation of log cr (conductivity) vs. IjT in the range 
90 to (500 K for films of differt^nt thicknesses (400, 800, 1100][and 2300 A). Little 
change was observtjd initially upto about 200 K followinl by a significant fall 
above this tomjKrt'ature m]][all (‘ases. Similar typi> of beliaviour for thin fihns of 
bisniutl\ has been observed by ©aba et al (1976). 


Table 1. 

Film thioknesB 

Activation Energy 

Activation Energy 

in A 

in eV 

AE in eV 


(90-200 K) 

(200-600 K) 

400 

00016 

0*017 

800 

00016 

0-018 

1100 

0*0016 

0*020 

2300 

0*0016 

0*020 
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Tho activatioji onorgios, cahiulatwl for different films and for two tempera- 
ture raiig<« are proaout in Table 1 uaiiig the relation 

0- - tro-c (1) 

wlioro 

(T — tJu^ olocitrica] (Huuluctivity 

(Tq — tJio msiclua] (joiuluotivity 

A£ — tli(i acjtivaiion oiiorgy 

4: — till) Boltziiuiim (lonKtaiit 

T — tJu^ iomporaturo in dogn-o Kolvin. 

TJio iiatiux^ of tho figure 2 and tJio wry Jovv \'aliioH of activation energy 
bijggost tho Juotallic biJiavior of tho film. 



Thickness Dependence of Room Tem2>erature p and TGll 

Variation of /> and TOR each as a function of film thickness have been 
plott(xl ros^iectivoly in figure 3 and figure 4. It may bo Soon from figure 3 that 
a sharp rise in the resistivity lias occurred from 2*18 to 4*18 x 10“-^ fj-cm upto 
550 A and tlion it remains almost constant upto 2300 A. 

Correspondingly, tlie TOR is observed to increase slxarply from I*10xl0“*/®C 
(tor 3()0 A film tliickuess) and thenr omains nearly constant afterwards upto 
2300 A. TJio TOR is positive and again confirm the metallic behavior of the 
films. 
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A aliarp rise in roaitJtivity boiow 550 A may bo aA^cribod to tho fiiuiti liaving 
somicontinuous network struottire providing in a small number of the conduction 
paths. The theoretical roquirojuent for piano and parallel boundary surfaces 
and continuous film layer is not roalizod in this region. 

The increase of resistivity is because of the reduction of some of the carrier 
mean free path (mfp) by grain bostndary scattering and by the termination at 
the film surface when it becomes comparabki to the film thickness. This is also 
known as ‘‘size effects” and was considered b}" FucJis (1938), Sondlieimer (1952) 
and Lucas (1965), 



Figure 8 : Room temperature resistivity versus film thickness. Open circles 
are exp»erimentai points and crosses represent the theoretical 
values on Fuchs theory with P ■» 0 and I ■« 100 A. 



Figure 4 s Temperature coefficient of resistance versus film thickness. Open 
circles are experimental points and crosses represent the 
theoretical values on Fuchs theory with P 0 and I 100 A. 
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Aocordiiig to Fucha, 

^ = ^„[H-3/8fc(l-P)l 

and 

P = Po4/3( ). 

whero 

Po — bulk 1 ortintivit -y 
h^dll 

d — the film thickjiesift 
/ — ^inXp (ill bulk inatoial) 
jP — tho fraction of oleciroii*s undergoing specular (ola>stic) refteotiori 
at fibn surface. 

ThoSi> oxproSisions prtKlict an increase o( resistivity as film thii^knoss diniinisl\os. 
Our results arci in accordanoe with this theory. 

Similarly tho TOR in thin films is given approximately a»s 
ccfiim ^ —llp.dpldT 

-- for d < I (in (*as(‘ of t]\m films) 

(l+logZ/rf) 

and 

Wo may assume jP ~ U, in accordance Avith tho currently accejitod conven- 
tion for tho polycrystalline films (Chopra an<l Bobb 1964). Also, for tho beat 
fit with the experimental resistivity data as noted in figure 4, Fucha theory 
requires a value of 100 A for the mfp. 

Tho crosses in figures 8 and 4 represent tho theoretical values on Fuchs 
theory with P = 0 and I = 100 A. However, the values calculated from the 
conductivity and Hall coefficient comes out to bo 340 A. This discrepancy may 
be attributed to the diffusive scattering of charge carriers and also nonfulfilment 
ofjthe conditions postulated in tho tl\eoretical derivation in that tho Fermi surface 
may not have spherical symmetry and the relaxation time bo not unambiguously 
definable. 

Mayadas and Shatzkes (1970) have proposed a model for tho size effect by 
taking into account tho oontiibution from grain boimdary scattering which was 
expressed as a function of election 'mfp*, grain size and a coefficient of reflection, 


for k^\ (in case of thin films) 
for h 4,1 (in case of thick films 
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R of electron from the bound arioa. If is amall, then electrons pass freely from 
one grain to the next without scattering so that 


PglPo — ^ (2) 

A\'hei o 

pg — ^the grain boundary resistivity 
pQ — ^the bulk resistivity. 

This is due to the fact that average grain size is approximately equal 
to film thickness so that as the latter increases, the contribution from grain 
bound aiy scattering decreases. Our results presented in figures 3 and 4 are 
in accordance with this theory. 

Thermo-electric Pow^r (TEP) Measurements 

A linear variation of Seebock voltage with temperature difference upto 
45®C between hot and cold junctions for film>s of thickness 226 and 2800 A is 
shown in figure 6. 



Figure 5 : Soebeok voltage vorsue temperature difference. 

Figure 6 shows the dependence of Seebeok coefficient (8) on film thickness. 
S appears to increase steadily from 16*0 /^V/°C (for 226 A film thickness) upto 
20-0 (~ 600 A film thickness) and then remains nearly constant upto 

2800 A. 

The TEP was observed to be positive which indicates that the majority charge 
carriers are holes. This behavior appears anomalous to that of the free electron 
theory of metals where electrons are usually taken as carriers. However, it is 
known that metals such as Zn, Cd and Ag show p-type character. If the trans- 
port carriers are holes, the spherical Fermi surface, is distorted in each octant of^ 
a sphere. This is in someway connected with the fact that Fermi surface is 
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dintortod to tlio oxtont of contacting tho Brillonin zone boundary (Pippard 1957, 
Rhoonborg 1960). It m also suggostivo of the exiatenoo of not a single band but 
a two band syst/oni with an energy gap between bands similar to that observed 
in p-type SnTe (01i(‘rnik ef al 1965, Hein 1960, Andreev 1967, Kaidanov et al 
1967). 



Thickness (in A*) 

Figure 6 : Seebeck ooeilicient vorauA 61m thickness. 

Hall effect measurements 

Tile Hall (;oeffi(iiont [Rh) found to be positive for all the films and at all 
tempt>ratures. This again supports tlu^ existenc?e of p-type^ eliarge earners. 
Figure 7 shows the d(^pmdonee of Rn with film thicknoSs. Tl\e R^ was observed] 
to d(Kwas(^ from 38 to 22-Uxl(f-’2 V/^.cm.-Amp hGaui'iS-i at small film thick- 
nesses (below 550 A film thi(ficnoSH) and tlvm remains nearly constant iipto 
2300 A. 



Figure 7 ; Hall ooefUoient versus film thickness. 

Tho relation defining the hole con(*.entration (p) and the Hall mobility (pjy) 
for those results are 



and 


H'H = Rh-O’ 





where 
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e — ^th© oleotron charge, 

<T — ^tho ©leotrical conductivity. 

Pigure 8 shows a lineai variation of Hall voltago witT*. magnotio field for 
different film tbicknesaoa (300, 600, 1000, 1600 and 2300 A) upto 23-0 Kilo- 
oersteds. This behavior is similpu* to that observed by Colombani and Huet 
(1969) in bismuth thin films excejpt for higher fields (26 to 36 Kilo-oersteds). 



Figure 8 : Hall voltage versus magnetic field. 


Thoro was no approoiable ohango in th(^» olocjtrical resiatanco with an applied 
inagnotic field upto 24 Kilo-oerstods for various films. Room temperature fin 
was observed to increase steadily from 9*0 upto 12-5 cm®.V~^.sec""^ (below 550 A 
film thickness) and then remains constant upto 2300 A as shown in figure 9. 
The hole concentration for the studied film thickness was found to vary from 
5*4 to 10xl0«/c.c. 


20-0 

« 



(0.0) 400 2000 

Thlcfcn««» A* 

. Figure 8 i : Hall mobility yeieua film’ thiokaeasi. ' 
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FiguivM 10 and 11 sliow the teraperatnro dopendonce of the /ia and p. It 
is seen that p remains more or loss constant and the change in conductivity is 
dtic t.o the cJxango in pu- This is also Suggestive of the metallic type of conduc- 
tion. ft IS setsi from figures 2 and 10 that there is change of slope in h>g o' vs Iji 
curve around 200‘’K which is also associated with the change of slope in log /ig va. 
I IT curve. 

T (V ) 



Figure 10 : Temperature dependence of the Hall mobility. 



FIfura 11 i Temperature dependence of the carrier concentration *P’. 
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Tlio low mobility valuoa may bo anoribed to the proaonoe of structural and 
Uomioal defects in large concentration. 

Using the following forinulae applicable for bulk material : 
relaxation time, r — cr.m/m.6* 

Fermi energy, Ef ^ 

moan free path, I -- tVf 

carrier wave length,^ - (2^)» 

mobility, pb = er/m 

Inhere Up is the appropriate electron velocnty and other symbols having their 
isual meanings, wo have calculated the various electrical parameters from the 
neasured data for a sufficiently thick films as re«>prosentativo of the bulk and 
presented in Table 2. 

Table 2. 


Er 
in eV 

PtF 

om/seo 

T 

in sec 

in A 

Lk 

cm*/V see 

0-076 

i-exioT 

214X10-“ 

8-4X 10» 

45-0 

376-0 


Finally, it may be noted that an appreciable scatter has been observed in 
the experimental data even though films wore prepared under apparently similar 
conditions. In practice tliere would be lack of precise control of many of the 
pertinent parameters such as deposition rate, substrate and source temper atnres, 
geometry inside vacuuTii cliajjibor, total and residual gas pressure, source design, 
leat shields and angle of incudeuco of vapour stream. In view of the above, 
the observed scatter of data are considered to remain within a reasonable limits. 
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The Morse potential and m simple theoretical model for the 
thermal expansion studies; in pure metals 

S. K. Pal and S. P. ^ii Gupta 
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Indian AsBOoiation for Cultivation of Science, 

Calcutta- 700 032 I 

Abstract. Following Mi(|ha and Nanda (1975), a simple theoretical model has 
been presented, to oaloulcj^ in a straight forward meuaner from a single expre- 
ssion, the linear thermal e^ansion coefficient (ai) in cubic metals over a wide 
range of temperature. model incorporates tho use of Morse type inter- 

action potential for the nearest and also noxt-nearost neighbour oases and the 
Debye frequency spectrum for the Gruneiscn parameter y. The application 
has been mekde on two f.c.c. metals Cu and Au in the temperature range 
300°K to ^ 1200®K, and a satisfactory agreement, within nearly 6%, has been 
observed in this temperature range for both tho cases considering next-nearest 
neighbour interactions and specific (relatively high) y value. 

Recently, Midha & Nanda (1975) have derived a simple equation of state for 
metals based upon a theoretical model in wliich the electronic froo energy has 
been assumed to vary slowly with volume, and tho static contribution of the 
lattice to the free energy arisc^s from an interaction given by Leiinard-Jones- 
Dovonshire (LJD) typo of pair potential while the lattice vibrations are considered 
in the harmonic approximation. The theoretical results foi* the thermal expan- 
sion have been hjund to be surprisingly good in respect of copper in tho tempera- 
ture J’ange 20-600°K. Altliough the approacli is quite simple which proceeds 
from thermodynamical considorations, tho evaluations of various parameters, 
involved in the derived expressions, as well as the expansion coeflBLoient have 
been found to be quite cumbersome and are not explicit. In view of this, we have 
hero considered a rather simplified approach, in the light of Midha & Nanda 
(1976), to calculate tlie linear thermal expansion coefficient in cubic metals in a 
straight-forwani manner over a wide range of temperature from a single generalized 
expression. Iji our present approach, two aspects have been considered namely, 

(i) the use of Morse type pair potential for the nearest and next-nearest 
neighbour interactions because of the widespread application of this 
potential in pure metals and alloys (ordered and disordered) in depicting 
various crystal properties (harmonic and anharmonio), structure and 
defects (Roy et al 1972, Roy et al 1974, MacMillan & Kelly 1973, 
Yamamota & Doyama 1974); and 
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(ii) the use of Debye frequency spootrum for the entire range of temperature 
(low and high). 

The application of tho derivation has been made on two pure metals (f.c.o.) 
copper and gold in the range of temperature ~ 300°K to ^ 1200‘‘K using experi- 
mental lattice constants data (Mitra & Mitra 1963, Pearson 1968, Merryman 
& Kampter 1965). 


Following Midha & Nanda (1976), the total fieo energy of a metal is given 


by 




F = F interaction'^'^ zero-polnt'i'^ thermal~\~^ electronic 

(1) 

and 




p NDZ 1 _—2a{r„—ro) .,„-«(ry-ro) 1 

•^interaction — 2 J 

(la) 


where D, a, are tJio potential parameters for tho Morse type pair potential 
(Roy, Manna & H<‘n Gupta 1972, 1974), {v : volume ix>r atom) for 

the nearest neighbour inteiaotion in f.e.c. structure. 

zN 

F zero- point = i hvt (lb) 

/--■i 


FtHermal - 


1,. (i-,-'-'*’’) 


(Ic) 


where equa. (ib) and (le) arc ooiiaidorod in the harmc/nic appioxiinatioii, and 
N, JC, T denote total number of atoinfc*, Boltzmann’s constant and tomperatiiro 
in °K respectively. 

So, total fieo energy atom 


F = FtIN ' 


-2a(»-(^— j'o) 


-2e' 


-a(ry— ro)' 


1 zN 


kT 

N 


ZN 

^ In 
1-1 


f -hv^lKTX 


)+F 


( 2 ) 


where Z = co-ordination number of the lattice. 

Now, using therniodynainic relation namely, p = —{dFldv)T and considering 
negligible variation of (dF jdve) over a substantial temperature and pressure, 
Midha & Nanda 1975 we get tho following equation of state from (2) : 




( 3 ) 
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where a = m — — 2^^*a and y — i — f ), the Gruneisen constant. 

\ tf in V / 

The volnm© thermal expansion coefficient is (p css 0) : 


«» = 


QKv^/a 8 ^ IwiflcT 


( 4 ) 


whor(‘ 


[lym' r„)] 


V — Z+?.r“i/3, w' = and ~ ~ \^P^- 

o 


As we shall try t<j confine oui selves in the Debye form of frequency distribution, 
we take simple Debye apx>roximation, i.e., 

(T(co) = 0’(cu/>), for iO ^ CDD^ 

Vcon • Cut circular fi:*equenoy, 

dJ 


0 , 


for 


oj ;> WD 


ivw^ 


whole cr{<o) mode density of frequency = 2 ^^ 3 ~> 

Velocity c)f sound and w = 27rv. 

In this Dcby<? spectrum, which is entirely determined by the limiting frequency 
w/)j the Gruneisen constant 7 is indepcmdent of mode frequency and given by 
(Slater 1963) 

d In c/)\ 


^={-jrnvj 


Thus, 


Ov = 




, (mv^/®-f-aro) (Zr'/^4-2aro)'j 


or, 


a„ = 


VoL ^ 

^DIT t << ^ \ 

18y*«i/3.3(7T/^„)3 J I (ygfta>)« 

® 1 )^ 


( 5 ) 


(6) 


me ~re 


^0 


Z.Z 


( 7 ) 


where /? = l/^y, <^0 = the Debye temperature and 




^,g<ZvW»+ 2 «ro)| 
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So. the linear thermal expansion coefficient cd„ for the nearest neighbour case is 
given by ; 

, Qykv^'^I{x) (8) 

f>DiT e's^.dx 

where x “ and I(x) ~ S{TI0 d)^ / j ^2 

ConHwlering the next-noarest neighbour interaction in the intorac,tion potential 
(eq. la), the linear th(»rmal expansion coefficient ccl^ is given by : 

_ (Syhv^'H^) (9) 

- ■■ ~^{LX+MY) 


, ^ r , (mie^'^+aro) , , (hv^l^+2»ro)’\ 

where ^ = |»h e ~h « J 

L ■= -IZD!^. li •= -2»«a, ii' = 

M = -4ZDI8, wj - 


Thus above oqs. (8) and (9) l(»ad to tlie evaluations of linear thermal expansion 
coefficients for the entire range of temperature conceriUHl for the respt'otive cases 
of nearest and next--ru>ar(!st neighbour interactions. 


In applying eqs. (8) and (9) to calculate the linear thermal expansion coeffi- 
cients («/) for Cu from 303-1144:°K and for Au from 298-1275°K considering nearest 
and next-nearest neighbour interactions, we have taken respective y values from 
two different approaches of tSlator (1963). In one case, y can be obtained from 

2 p /V F \ 

compressibility data using the relation 71 ~ ^■p^ where P — P„+P^i^ j 


I y y \ 

(— V — ) ’ y ovaluated from tl\o Morwo 


potential parameter»s a and Tq using the relation 72 ^ Table 1 lists the 


respective values for 7 and the potential parameters (Eoy et al 1972), used in the 
evaluation of oxi>ansion coefficients for Cu and Au. The values of the parameter 


Table 1. Mors© pot.ontial paramotorB and Gruneisen’s Constant y for f.o.c. 
Cu and Au 


Morse Pot/Ontial parameters 

Material nearest-neighbour next-nearest neighbour Qriineisen’s constant 

^ a ro JD a ro Vi 72 72 

(orgs/atom (X-^) (A) (ergs/atom (A-^) (A) (nearest) (next- 

X 10^2^ ^ JQX2) nearest) 

Ou 0.94332 1.432 2,6444 0.77988 1.3980 2.6230 1.90 2,16 2.16 

Au 1.01374 1.6623 2.8769 0.89181 1.630 2.9214 3.03 2.71 2.713 
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Tq differ slightly here from the eailior ones (Roy et al 1972), as ro’s have now been 
obtained from a least-squaros fit of e^xperimental f— T values (Mitra and Mitra 
1963, Slater 1963, Merryman & Kampter 1966). Tables 2 and 3 show the cal- 

Table 2* Coefficients of linear thermal expansion (a ) from nearest neighbour 
consideration 


Temperature 

Copper 

a (calc.) a (calc.^a (oxpt.) 

X 10«/°K X 10«/''K ^ lO^TK 
(72 = (ri = (^t.-sq. 

2.16) 1.90 fitted) 

Temperature 

"K 

(calc.) 

X io^K 

(ya = 
2.71) 

Gold 

(calc.) 

X io«rK 
(ri = 
3.03) 

«, (expt) 

x‘l0«/°K 

(least-sq. 

fitted) 

303 

17.6 

16.5 

^ 16.7 

298 

12.6 

13.9 

11.9 

403 

18.5 

10.2 

*:'i7.r> 

i. 

385 

12.8 

14.3 

12.6 

503 

19.0 

16.7 

'18.3 

V 

469 

13.0 

14.5 

13.3 

603 

19.6 

17.2 

>19.2 

585 

13.3 

14.9 

14.2 

703 

20.1 

17.6 

20.0 

775 

13.9 

15.6 

15.7 

803 

20.6 

18.1 

20.8 

883 

14.3 

16.0 

16.6 

944 

21.3 

18.8 

21.9 

973 

14.6 

16.4 

17.4 

1044 

21.9 

19.3 

22.7 

1081 

16.0 

16.8 

18.3 

1144 

22.6 

10.8 

23.6 

1183 

15.6 

17.3 

19.1 





1276 

16.0 

17.9 

19.8 


Table 3. 

Coefficients of linear 

thermal expansion (a ) from next-nearest 


neighbour consideration 







Copper 




Gold 


Temperature 




Temperature 





(oalo.) X 

(oalc.) X 

(oxpt.) 

"K 

(calc.) X 

(calc.) x(expt.)® 


10"/°K 

wrK 

XlO^^K 


10®/°K 

KfirK 

X 10«/°K 


(?»' = 

(71 - 

(ieaat-sq. 


{72 =- 

(7i = 

(least-sq. 


2.10) 

1.90) 

fitted) 


2.713) 

3.03) 

fitted) 

308 

17.8 

16.7 

16.7 

298 

12.8 

14.3 

11.9 

403 

18.7 

16.4 

17.6 

386 

13.1 

14.6 

12.6 

603 

19.3 

17.0 

18.3 

469 

13.3 

14.9 

13.3 

603 

19.8 

17.4 

19.2 

685 

13.7 

15.4 

14.2 

703 

20.4 

17.9 

20.0 

776 

14.3 

16.0 

15.7 

803 

20.8 

18.3 

20.8 

883 

14.7 

16.4 

16.6 

944 

21.6 

19.0 

21.9 

973 

16.0 

16.8 

17.4 

1044 

22.2 

19.6 

22.7 

1081 

16.5 

17.3 

18.2 

1144 

22.8 

20.0 

23.6 

1183 

16.9 

17.8 

19.1 





1275 

16.4 

18.3 

19.8 
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culat<Hl and loast-nquarcs fittcid t xporimontal values of linear thermal expansion 
co(>ffioiont for On (Mitra & Mitra 1963, Slater 1963) and Au (Merryman & 
Karnpter 1965) in tJu^ above- tnentionod temperature ranges for the respective 
cases of jicarctst and nearest neighbour interactions. 

It may be stjori from botli Tables 2 and 3 that the overall agreement between 
the (calculated and exporinn^ntal valuers of oci is quite >satisfaotory in the wide 
raiige of teinpc^ratun^ concc^rned, the agreement being more »satisfactory for the 
case of next-neancst neighbour intc^raotion and for higher y values irrespective of 
]nod(^ of (obtaining y eitlv^r from compressibility or potential parameter data. 
Tims, tlio value of y is (piite critical in tlie evaluation of oci, and demands the use 
of y from a realistic approach. The disagreement in the oci values for the above 
eascjs has lunm found to li(^ in il\e range of 5% except for Au whore the disagrciomcmt 
is slightly larger in the lower toinperaturo for higher y vahu;. Ft may further bo 
stMUi that liighor y value yi(dds, for both tlie cases of Cu and Au, slightly higher 
valuciS for ai (calc.) initially whicli become ](sss at higher tomporatures when the 
contributions from vacancy conc(Uitrations also come into play. TJus may imply 
tile necessity of con»sidering tlu^ variation of y with t(unperature (Lokunsa 1963). 
However, considering the limitaiions of onr pn^sent approach based on a pheno- 
menological model, it ap|Huirs that this simple theory (^an, to a large (extent, 
satisfactorily (explain the lattice expansion behaviour in f.c.c. metals over a wide 
range of toiiiix^raturc^, ajid Morse? type? pair jiotontial function can also b(*. success- 
fully applie^d if th(^ respect iv(^ paramet(?rs are obtairu^d in a consistent manner. 
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The excited states of a bound polaron 

T. K. Mitra and G. P. Ray* 

Department of Theoreijcal Physics 

Indian Association for^tho Cultivation of Science 

Calcutta- 700 032 


Tho excited states of an electron bound to an impurity in an ionic crystal are 
investigated by second order RSP’J\ Interaction of tho localised tdectron 
with tho longitudinal o|^ical phonons of tho host material is treated within tho 
standard framework of tho Frohlich polaron theory. The second order 
perturbation effect is obtained analytically following a procedure developed 
earlier by Mitra. Tho first excited states are treated in this way, numerical 
estimates are obtained and compared with those of others. It is found that 
(i) the degeneracy of the fu'st excited states in the absence of tho interaction 
with the longitudinal optical phonons is removed, on including tho interaction, 
to a higher degree than that obtained by others and (ii) the munorical values 
of the phonon induced energy shift are different (smaller) from those obtained 
by other authors. This latter result, consistent with the spirit of the pertur- 
bation theory, is discussed with reference to tho parameters of a real solid. 

!• lotroduction 

Tho problem of an electron bound to an iiiiiiuiity centre (tlie bound polaron) in 
an otherwiS(i peifect polar semiconductor lias lately reixuved considerable attention. 
Early calculation (Platzman 1902) baKc;<l on tlie Fiohlich Hamiltonian, modified 
to include a teim due to the Coulomb imi>urity, weic, aimi>d at obtaining approxi- 
mately the ground state em^rgy. »Since then a number of authors (Mitra 1972, 
Larsem 1974, EnginecT and Tzoar 1972) have inve^stigat/od tlu^ intrinsic 

and practical reasons, liecent activity (Eiiginetu and Tzoar 1973, Bajaj 1976) 
has been extended to excited states as well as the ground state. Tho traditional 
metliod of calculation has been perturbative (otJiei methods to a lossei extent), 
but even lowest oidtjr perturbation theory was not amenable to analytical treat- 
ment and furtlier approximations Jiad to be introduced. Tlie validity and aj^pli- 
cability of such approximations have been amply discussed in tho literature. 
Very rtxjently however, K<;c()nd order Baleigh Schiodinger perturbation theory 
(RSPT) has been applied in a lU'arly exact manner — ^numerically by Engineer 
and Tzoar (1972, 73, reforrtHl hc^rein after as ET) and analytically by one of us 
(Mitra 1972). In the latter work (referi'ed to as I hereinafter) the author inas- 
vertently overlooked the somewhat similar analysis of ET. In the present paper 

^Honorary worker at the Department of Theoretical Physios, Indian Association 
for the Cultivation of l^oienoe Calcutta-700 032. 
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the approach of I is adopted and developed more generally to obtain an expression 
for the energy shift of a general level due to interaction with the longitudinal 
optical phonons (assumed dispersionless, for simplicity). Numerical values are 
obtained for the ground (Ls) and the first excited states (25, 2p). In Section 11 
we prestmi tin*- analytical forniulation (biiofly roportcil in I) of the problem. Results 
arc then obtauud for the ground and the first excited levels and compared with 
otlier available niunerical values in Section 111. A discussion of method and 
results, with sptHjial refer once to tlie new features of our results, is presented in 
Setotion IV. 

2. Mathematical Formulatioiii$ 

The Jiiodified Krohlich Hamiltonian for the problem 


wJioro 

Ile VIh-i ^ p^l^m—Ze^jesr 

(1) 

(2) 

Hj,n - hw ^ (b^,b^+l) 

(3) 

H V ^ II 

" VF 

(4) 


(6a) 

- /!-. M/ 

% 1^00 ^0 ^ \ 2 fict) I 

(6b) 

in the usual notation. Besides the usual natural parameter a, it has of lato been 
customary to introduci^ a second parameter R = as defined Imro differs by a 

numerical factoi of 2 from y as defined by other autl^ois, for example by ET) 
which is the ratio of the ground states enoi*gy of (2) and the disporsionless longi- 
tudinal optical phonon energy feu;. In terms of these two parameters the energy 
shift ill second order RSPT is obtained, as in I, 

AE„ =. i; A(n'}f(n') 
n' 

... (6) 

where now AE„ is the shift ef a general level H and not just the ground level, and 
/(»'), A{n') are given by 


(7) 

A{n') = / dVidV, 1 (») 


^«nrx)^n'(r2)^n'^(ri)Wr*) 


(B) 
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Tli© important point to note here is that the structiiie of A{n') is identical to that 
encountered in atomio physics in the calculation of tJio correction to the atomic 
levels due to electrostatic interaction between the electrons (Condon and Shortley 
1970), There A{;n/) is split into a product of an angular part whose values are 
available in Condon and Shoitloy and a radial part which has been conveniently 
reduced by us. Thus 


A{n^) = A^^* - S Vm')EHnln'l\ n'l'nl) (9) 

where 

I'm') — / 0 m—m')® (Itn)® [I'm') sin 0d(}\ (10) 

where (10) is taken from Condon and Shortley, the 0 ‘s ai’e related to the Legendre 
functions as follows, 


■m—m' -- M (12a) 

yiatoger (12b) 

\l-r\^k^l+r (12c) 

and a typical matrix element due to the ratlial parts of the wave functions in 
(8) is given by 

Ji>‘{nl n'V, n'V fil) 

^ f I ^ dr 'S 

1- J diiR„i{ri)R„’i'(r^) | — J r^’^dr^+r^k / | R„>i'{r^)R„i{ri) 

0 0 ' 

(13) 

Expression (13) has been rediroed by us to the analytical form 

R^[nln'V,7i'l'nl) ^ D(7iln'l'pjjih^'Pi'p.^){\s^+k+l\si--k 


where 


? » +/ +»+r !*a— ^ I«i+i2+^l 

.u< 


I>lnlnT,Pip.^p/j>/) 


Z 1 


^ n1/n. 7' ntn. ^ 




so 
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Fnlp = 


{(»+i)!(«-i-l)!}* 

wt{(n_i_l_p)I(2Z+l+i»)!j>!} 


(16b) 


A„ =- 2m7(w+«') 

(I 60 ) 

/? = 0 to n—l—l ) jf>' — 0 to Z '— 1 

(16d) 

= 0 to 52 +* 

(16e) 

jg = 0 to 52 — *— 1 

(16f) 

5j = Pj+P2'+Z+Z'+2 

(16g) 


(16h) 


3. Results. 

The apparently fonnldable looking expression (14) is very easily handled by tlie 
oompator. Numerical values are then obtained for (6) using (7), (8), (9) and (14). 
In table I values of A{n') are given for successive values of n' (given w) to show 
oxphoitly the rapid fall of A{7i,') with h' Vig. 1 is based on table 1 . In table 2 our 


Table 1. Values of .<4(n)i for the slates cited, as obtained by the present theory 


A[n’) 

n 

n' = 1 

n' « 2 

n' = 3 

n' == 4 

la 

0.025000 

0.0731596 

0.0205993 

0.0085458 

28 

0.0219478 

0.2382812 

0.0524913 

0.0198706 

2po 

0.0170705 

0.2460937 

0.0518366 

0.0196697 


0.0170705 

0.4101562 

0.0762978 

0.0282819 


Values of — AiS/afew; are ooUected for 1«, 25 , 2^^ and 2p^. Wo have a 
new feature, not reported by any of the other autlxors, in that the level degeneracy 
is partiaally removed. In the same table 2, nmnerioal values of I 5 , 25, 2p (unsplit) 
as obtamed by other authors, are displayed for comparison. Our values are 
consistently smaller than those of others. These discrepancies as well as a dis- 
cussion of the methods are taken up in the next section. 
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4. Discussion of method and results. 

Since our oaloulation ia baaed on atraight forward perturbation theory, wo ahall 
oontme our diaouasion to perturbative approaches only. After Prohlich’s (1964) 
jne^nig work on the free polaron the first attempt to consider the possibility 
nerturW^* Hatzman. In this approach the second order 

(at th b^r V consist of a term similar to the free polaron 

arbitrarilv T ° a remainder aeries which ia out off 

rarily. In the absence of an alternative this approach and its variants 
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Abstract. Natural AT-ct|t quartz crystals iiradiatcd with fast neutrons, gamma 
rays and X-rays (30 kV) wore oxamined for their frequency characteristics 
compared to those of the virgin crystals. The neutron source was ^*^Am-Be 
having flux equal t<i 2.^67 x 10® neutrons/socond/cm* and the gamma ray 
sources were and ®®Co havmg dose rates of 30mr/second and 23.6 r/socond 
respectively. 

The neutron irradiation at lower acciunulatod doses (-^2 x 10^® nvt) pro- 
duced only a temporary negative shift of tho resonance frequency (-^16 parts 
per jnillion), th(^ fj’oquoncy reaching tho pre-irradiatiou value after about an 
hour long mechanical oscillations of the quartz ciystal. Varying time intervals 
wore kept between the torinination of irradiation and the generation of the 
moohanioal oscillations, this fact jiroducing only a ntjgligiblo effect on the 
temporary frequency .shifts. High accumulated doses ('^ 15 X lU^^nvt) produced, 
along with tho temporary shift, also a negative permanent change in frequency 
(^60 parts per million). At lower doses negative frequency so produced, 
W€W3 followed by positive frequency shifts as a result of prolonged irradiation. 
The gamma -irradiated crystals showed the typical smoky colouration at higher 
accumulated doses Bads) exhibiting the typical EPR signal of the 

E 2 *"Om\tOT at room temperature. 

In both tlie cases of neutrons and gamma irradiated crystals, the temporary 
frequency shifts could bo oiimiiiatod by temperature annealing before tlAO start 
of the generation of mechanical oscillations. 

In the X -irradiated crystals there was, in contrast, only a permanent 
frequency shift. The X-irradiated crystals like gamma irradiated showed, 
negative and positive frequency shifts (tho latter for increased doses) and the 
typical smoky colouration and the associated EPB signal. 

That mechanical oscillations or thermal treatment anneal the frequency 
shows that at least some portion of tho nuclear displacements caused by neutrons 
(by the recognized knock-on process) and tho gamma rays (by the Coulomb 
interaction of the Compton electrons with nuclei) have low activation energy. 
Tho present work also shows that gamma rays produce, as may be expected, 
effects common to those produced by neutrons and those produced by X-rays. 

A theory for positive frequency shift by X-and gamma-irradiated synthetic 
and natural quartz crystals is proposed. Evidence has been offered to show 
that apart from pi’ooursors of the A-oenters, tho alkali ions in the quartz crystal 
lattice have alternate placings (called moorings) mostly in the c*channol. On 
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irradiation, electrons roloaaed from the precursors of the 4 -centers are captured 
at the moorings for the alkali ions, resulting in the destruction of the anelasticity 
of alkali ion centers at the moorings and the consequent increase of elasticity 
and so the frequoiicy. In synthetic crystals, duo to the largo concentration of 
tho moorings and their associated alkali ions, the positive frequency shifts 
starts from th(j commencement of the irradiation. In natural crystals, the alkali 
ions released from the 4 -centers by irradiation, are caught at the moorings 
forming electron traps and centers of anelasticity. Thus for increased radiation 
cioaes, the concentration of the moorings increases enough to give tho positive 
frequency shifts observed. 

Tho present work also indicates that in crystals, neutrons, gamma and 
X-rays irradiation produces, as detected by Scanning Bleotron Microscope, 
microHcopic cracks in the crystal, which will produce their own associated 
frequency effect. 


1 . Introduction 

FolUmitiK FromlcI (1945), oonsirterahk- woik (0)ii 1957, Bcohniaim 1958, Berman 
(i al 1950, Jolmsoii & Pease 1954, Atiiokl 1956, Arnold 1957, Arnold 1954, Wittle.s 
& Slienill 1954, Priinak nl nl 195,1, Kinoliin & Pease 1955, Primak & Szynianski 
1956, Dienes 1953, King 1959, King 1959, Belser & Hicklin 1963, Poll d 
Eidgway 1966, Fiaiior 1968, Flanagan & Wrobel 1969, Capone (4 al 1970) has 
been done on tin- irradiation of quartz crystals with nuclear radiations liko neutrons 
and gamma rays. X-rays and higl) energy elwitrons. This i)aper describes the 
irradiation results of tho aiitJiors done on natural rectangular AT-cut quartz 
crystals of diiuonsums 3.8 x 2.8 x 0.39 cm“ of fundamontal frequency in the region 
of 1 .87 MHz. Tile in adiation was done by last neutrons, gamma rays and X-raj's. 
TJie neutron sourc(» was a doubly encapsulated *«Am.Bo of 100 mCi strengtli. 
The source following th.o well known oc-n reaction, emitted neutrons at the flux 
of 2.67 X 10’ neuti'(ms/cm^/s<!c. Th.o associated background gamma dost! rate 
was fwiblo (~0.25 im/h at one metei from the source). Tho gaimna ray sourcos 
were (a) >”Cs of 4.5 mCi strength having a dose rate of 30 mr/sec at tho surface 
of tho container and (b) *®Co of 1000 Ci strengtli having dose rate of 23.6 
Rodn/docond . 

The X-ray generator was a Phillips tube operated at 30 kV and 12 ma (Cn 
taiget). While for neutron and gamma ray irradiation, the whole crystal was 
umloimly expostsl to the radiation field, for X-rays only tho area equal to tho area 
of the window (0.5 cm*) of the X-rays genoratoi could be exposed. As would 
be expecUsl tliis experimental limitation of the reduced area of exposure, gavo 
no fundamental difficulties because it was expeiunentally verified that by expos- 
ing the saruo oi ystal to X-rays at different surface locations in turn, gavo orrly an 
rntogratod effect of the results produced by exposing the crystal at only one 
window area on its surface. 
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OsciUating characteristics of quartz crystcUs 

Tho effect?? of irradiation looked foi* were the frequency offset and stability 
compared to tlje oscillating behaviour of theunirradiatod quartz crystals obtained 
in a conventional oscillator circuit. The crystal oscillating ciiouit used was a 
modified Colpitts (Shea 1967), the frequency being measured by a standard fre- 
quency counter (HP model 5245L). 

Tho oloctrodoa for tho quartz crystal for piezoelectric excitation were of steel 
having the same surface area as t|tat of the quartz crystals (tho crystals liaving 
no metallic film over tliem) but hikil raised coiners so tliat the oloctrodos touched 
the quartz crystals only at these oorner areas, leaving an air gap of the order of 
0.2 mm between tho non-touching: areas of the crystal and tho electrodes. For 
irradiation, the crystals were takeiiout from the elootrodo assembly and tho post- 
irradiation frequency was moasui*^ after replacing the ciystal back within tlm 
electrodes. The ciystals used word AT-cut thickness shear devices of fundamen- 
tal frequency in the region of 1 ,87 MHz. The uncertainty in tho frequency moasui e- 
ments was found to bo of tho order of lOHz and was due to the departure from 
exact reproducibility of electrode placing in tho act of taking out the ciystal for 
irradiation and replacing the crystal again between the electrodes. The precision 
in the frequency measurement was ±lHz, tlvo frequency being measureil digitally. 
Thus only those irradiation effects which gave a frequency offset of much more 
than 10 Hz wore taken significant for interpretation of results. 

2 * Experimental Results 

The experimental results obtaiiK»d fur neutron, gamma rays and X-rays would 
be given sejiarately in the following paragraphs. 

Neutron Irradiation 

It was iK^ticod that after the irradiated crystal is put back in tho oscillator 
circuit, tho quartz crystal oscillations jiass thiougli a stage of initial instability, 
before the fnrquency readied a stable final value. This characteristic of neutron 
irradiation does not seem to have been eleai^ly documented so far in literature. 
This initial instability persists for about an Ixour or so. In this context it is 
instructive to note that tho fact of existence of a pt>riod of initial instability and 
its duration is, to a large extent, independent of the time of idle keeping of the 
quartz crystal after irradiation. This observation indicates the significant 
contribution of tho mechanical oscillations of tho quartz crystal themselves in 
culminating tho iK)riod of initial instability. Tho stabilization time could be re- 
duced or oven eliminated, if, after iiradiatiou and before making tho crystal oscillate 
(in tiro oscillator circuit), an initial warming of tlie crystal was done (for about 
fifteen or twenty minutes). 

As tho accumulated neutron doses were varied, the frequency offset obtained, 
after the initial stability had terminated, passed throu^i thioe stages. In the 
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first stage, for low noutj-oii dosage (~5 X there was no observable per- 

luaiiont or steady olfsot, tJioro being> as niontioncd already, only a decrease of 
fioqiioiicy stability for about an liour or so. Figure 1 sliows atypical behaviour of 
such a crystal, irradiated by 7 X lO'^^nvt. In the second stage, when the doses 



(TIME IN MINUTES) 

Figure 1. Froquoncy behaviour of an AT-cut quartz crystal resonator irradiated 
by h<jt neutrons with a doso of 7 x 10^®nvt. 


were increased, a steady negative frequency offset was obtaiiu^l, thc^ iiiagiiitudo 
of the offS(^t increasing with dose. In the third stage, after a still further aocu- 
iiiulatod <lose, the offset became positive, in lim‘ with the evarlier observations 
rc^portcs^l in tlie literature^ (Bolser & Hicklin 1961, King & Fraser 1961). Figure 2 
depicts the results for this typical character of fn^iueiiey versus neutron 
doses. Different ncsitron dosc.s corre^sponding to points yl, were given to a 

crystal specimen and the accompanying steady frequency shifts are mentioned 
obtained aftei the cnlinination of region of frequency instability. 

No colouring of the quartz crystal was observable with the eye for all 
tile accumulated dose xised. This fact was suppoj ted by tlxere being almost no 
change in the ultraviek^t and optical absorption spectra for the pro-and jioat- 
ii radiated quartz crystal. TJiis observation corresponded with the fact that no 
EPli si>octra (jould be recorded for the noxrtron irrmiiated crystal. 

(himvia Irradiation 

As mentioiUKl earlier tlie gamma i ay sources wore and The quartz 

crystals irradiated by were given varying doses from 20 Roentgens to 10.6K 

Roevntgens and those. iiradiatiKl by ®®Go wore given varying doses from 2000 
Rads to 88K Rads. 
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Figure 2. Steady frequenoy offsets of an AT-out quartz crystal irradiated by 
hot neutrons in stages. Accumulated doses at point A = 2 X 10^°nvi, B = 
20 X 10^°nvt, C s= 36 X 10^®iivt, D = 60 x lO^^nvt, E = 80 X lO^^’nvt, F ~ 4 X 10^^ 
nvt. 


Tho nature of results on the. frequency behaviour of quartz crystals under 
gamma irradiation was of the same pattern as thai; obtained for irradiation with 
neutrons, «»x<!Opt that <luring tho jMjriotl of initial instability t}u> ehangtf of freqmmey 
with tinn? was not linear as in tin* cast* of mmtion irra<liation. Figure 3 depicts a 



Figore 3, Frequency behaviour of an AT-ont quartz resonator irradiated by 
gamma ray with a dose of 2000 B'ads using 60Co 
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rcprosontative oxampk. for tho froquonoy characteristic of a crystal irradiated 
Tyith 2000 Rads from «>Co. Figure 4 depicts such a characteristics of a crystal 
irradiated with 360 R&mtgens from “»Ca. Figure 6 depicts tho complete general 
characteristic of a quartz crystal, irradiated in stages, showing that first there 
occurs a negative offset in frequency, foUowed by an increasing negative offset 



•—►TIME ^ 

Figure 4. Frequency behaviour of an AT-cut quartz crystal resonator irradiateil 
by gamma rays with a dose of 350 Roentgens using ^^’^Cs. 


and aftorwaids showing a positive trend, the frequency finally reaching a positive 
offset with still further increase of accumulated doses. igure fi depicts th«i steady 
frequency offset character as a function of different accumulated doses for the 
crystal whose complete frequency charactoistios (including the n>gion>s of initial 
frequency instability) are shown in figure 5. 

Correspondingly, for the lower gamma ray doses (*^2-10K Rada) there was 
no darkening produced as observed visually, but yet the permanent shift in:thc 
frequency was produced. Also, tho crystals did not show any EPR signal when 
irradiated for these doses. As in the case of neutron irradiation, for these lower 
doses, the absorption curves in the ultra-violet and optical spectrum for tho pre- 
and post-iriadiatcd quartz crystals almost coincided. 

For the crystals darkened by the gamma irradiation (doses ~ IM Bads), EPR 
spectra could be recoided in the Varian Associate’s EPR Spectrometer at room 
temperature. Figure 7 represents a typical^EPR spectrum obtained. 
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Figure 5. Froquency behaviour of an AT-eui quartz crystal irradialocl by 
gamma rays in stages. Accumulated doses at A 8000 Rads, B = 16000 Rads- 
C == 40000 Bads, T> == 64000 Rads and E = 88000 Rads 



■ " ■ OOSC IN MlLOfUOS 

Figure 6. Steady frequency offsets of an AT-cut quartz resonator (whose 
complete frequency characteristics have been shown in fig. 6) irradiated in 
stages. Accumulated doses at points A, B F are those mentioned in fig. 6 
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Figure 7. EPR spectrum of an AT-cut quartz crystal irradiated by gamma 
rays (doso = IM Rads) Observed at 300®K 

X-Irradiation 

For X-irradiation tho nature of results wore different from those of neutrons 
and gamma rays. TJio important difforeneo was that X-irradiat(Ki crystals did 
not exhibit any instability in the Ix^ginning of tJurir meehanutal oseillations. The 
froquenoy offset obtained was always steady and was a function of the }X^riod 
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Figure 8. Frequency character of an AT-out quartz crystal on being irradiated 
by X-rays (36kV, 12ma) in a stages at different accumulated doses 
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Oscillating characteristics of quartz crystals 

of exposure to the X-rays i.o. tlio ac.cuiuulate<l dose. The variation of tJio offset 
with dose was of the same broad nature as tJ;at obtained in the case of gaiiuua 
rays. Figure 8 gives the results. 

The X-irradiated crystals gave characteristic EPR spc^ctra at looiii tem- 
perature (300 K) as depicted in Figure 9* It will be noticed that the signal is a 
multiple line structure, in contrast to thcainglc line obtained for gamma irradiation. 



Figure 9. EPR 8poctrum of an AT-cut quartz crystal irradiated by X-rays 
(35kV, 12ma) for 6 hours 

3* Discusaion of Regultg 

The piosont study gives a nuiubor of new results, all of wluch it will be diffi- 
cult to explain at tJie present stage of the work. However, wo will take up some 
of tl\e broad results obtained and offer explanations for them. 

First, it should be noticed that gamma iradiation gives featurc^s common to 
those given individually by neutron irradiation and X-irradiation. Thus, both 
neutron and gamma irradiations give initial instability in frequency. AvS mentioned 
already, this instability is removtd either by initial warming of the quartz crystals 
before they are put into mechanical oscillations or by the mechanical oscillations 
themselves when the quaitz crystals are allowed to vibrato in an oscillating circuit 
for sufficient time. This conclusion follows from the fact, that as mentioned earlier 
instability in the frequency caused initially when the quartz crystals arc first 
put into oscillations, is independent of tlie time of idle keeping of the quartz 
crystals in the inteival between the termination of in'adiation and the generation 
of their mechanical oscillations by means of a crystal oscillator circuit. 

The effect of neutron ami gamma irradiation in causing initial freciuenoy 
instability is probably duo to the nuclear displacements caused by neutron and 
gamma irradiation, an appreciable fraction of which (displacements) have low 
activation energies. Thus by mechanical oscillations or heat activation tl)ese 
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(lispliic(id nuclei of low activation energies cross the potential barriers involved 
for regaining their original lattice positions. Those nuclei which have heen dis- 
l>lacod sufficiently enough from their original positions in the un-in adiated sample 
v\ ill not come back by menj heating or through mechanical oscillations and will 
prcxluco a pcimaiient fiequeiicy offset. Some of these displaced nuclei will form 
ijoiitors for dislocation in the crystal. 

It may be mentioned lieie that in literature only a positive frequency shift 
by neutron iiradiation of AT-cut oiystals has been reported (Belser & Hioklin 
1961, King & Fraser 1961). The neutron doses used by the earlier authors 
liavo boon a number of orders of magnitude higher than those used by us. The 
prostmt observations show that starting from low values of neutron doses, tho 
frequency first decreases and for increased doses begins to increase, the latter fact 
being in line with tho observations reported earlier in literature. The above 
suggests two opposing effects of neutron irradiation in the quartz crystal lattice. 

No clear out mechanism has been provided so far in literature for tlio positive 
frequency shift noticed with neutron irradiation. As has been mentioned earlier, 
the present work reports both kinds of changes of frequency and tliorefore the 
fundamental mechanism for causing these frequency changes must be quite com- 
l)ltx. 

Ill the following is pieseiited a general consideration for tho explanation of 
the frequency changes caused by gamma and X-irradiations. Explanation for 
effects of neutron-irradiation will not be taken up in this paper. Before taking 
up the tlieory, it may be mentioned that an added coinifiexity involved in the 
detailed explanation of tlio experimental results of change of frequency is the 
evidence of minute surface cracks, obtained by examining tho surfaces of virgin 
and iiradiaied crystals under scanning electron microscope. Figure 10-14 show 
the surface microstructures obtained for unuradiatod and irradiated samples. 
Thus for a complete fundamental and detailed mechanism of the effect of neutron 
irradiation, tho production of microscopic cracks in the sanix>le would have to 
bo taken into account. However, in the present work tlio role of tho cracks in 
causing change of frequency would be neglected. 

Z- and Oamma Irradiation 

In the following will be taken up the effect of ganuna and X-iays in causing 
the cliango of frequency of quartz crystals. A mochariism for the negative change 
in frequency caused by gamma and X-irradiation has akeady been proposed in 
literature (King 1969, Fraser 1968), It will be our purpose in tho following para- 
graphs to advance an overall mechanism which would explain the positive change 
of frequency for X- and gamma irradiation. Before we do so, it would be in oilier 
to mention as to what mechanism has already been advanced to explain the nega- 
tive frequency shift for X- and gamma irradiation of quartz crystals. This 
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niechaniam will form a backgrouiul tor tJ%o inot^Uaiiism wo would offer for oxjjlain- 
ing the positive frequency' shift. 



Figure 10. SEM micrograph o£ a virgin quartz crystal. Magnification 850 



Figure 11. SEM micrograph of the quartz crystal (whose surfa-co in the virgin 
state is sliown in fig. 10) irrcwliated. by X-rays (JOkV, l^ma. 10 hours) Magni- 
fication == 850 

The explanation is in tcnut> of tJio inipnritios in the quartz crystal. The 
Al®+ ions aubstitutionally displace the Si^^ atoms hi the quartz lattice, lor 
forming the covalent bonds with Si**', an Al®*" takds an extra electron to become 

32 
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iywlcHitroiiic with l'\>r charge neutrality, a powtivo ion (i/'. Li+ or Na+) 

is captured 1o ho in the neigJibouihoiHl of Al®+ at an interstitial site, in the c-axis 

channel. TJiis A1 impurity conUw is often called X P-centoi whore X stauds 
for //' or any of the alkali ioii.^. (King 1959, IPrasor 1968). 



Figure 12. SEM micrograph of a virgin quartz cryfeial. MagiiihcatiuiJ =- 050 



Figure 13. SEM micrograph of the gamma irradiated (600k Ratls) quartz 
crystal. Maguiheation ~ 1600 

Tho steady negative change of frequency in natural quartz is supposed to be 
due to the release of cations thus releastHl. wlxiob attach themselves to some other 
places in the r-axLs chaimol most probably dislocations or Ge impurities and become 
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olootrontraps. The AP+ center in the absence of the X+, due to th(^ existence? of 
the lone electron, becomes paraniapnotic, showing tJio characteristic EPR signal. 
The contf?rs so created ar<i called ^-centers and have a chaiaoteiistio optical 
absorption band {460m/^ and C2Qim/^) in the viaibit? region (Fiaser 1968 Ditcliburn 
p<an955). It has been shown (King 1969, Praser 1968) tlmt th(‘ yl-centers 



Figure 14. SEM micrograph of the quartz crystal irradiated by fast neutrons 
(14 X lO'^nvt.). Magnification == 2800 


given an anelastic effect and are thus responsible for (b^treaso of (dasticity and so 
the attendant n(?gative fn^qucncy shift on irradiation. The d(*.croas<j of elasticity 
is in line with Bottoms ’'findings (Bottom 1947) of decrease^ of all elastic (‘Oiistants 
with X- irradiation. Enough expc-rinuaital evidence has Ixmmi eolleeUxl to show 
tliat the acoustic al)sori)tion duo to anelastic behaviour, th(? intensity of the EPR 
spectrum and the intensity of tJ\(j optical absorption are (?orrelated (King 1959, 
Fraser 1968, Ditch burn et al 1955, Bottom 1947, Brhm & Pryce 1955), thus all 
those effects arising from the sarm? souice (^-centois). 

It has been mentioned above tliat in the case of natural crystals, tlu'. frequency 
change caused by X- or gamma-irradiation is negative, fn contrast, in synthetic 
unswopt quartz crystals the freqmuujy change is positive and in the case of swept 
synthetic crystals, there is hardly any change of frequency by irradiation (Capone 
et al 1970). No satisfactory explanation has been offered for these effects taken 

Al 

together so far except to infer that the presence of the Na*^ ions at X P sites 
probably cause lattice distortion to cause the positive change of frequency (Fraser 
1964, King & Sander 1972). This inference is apprently taken to be auppoitt?d 
by the authors earlier (Frasoi 1968, King & Sander 1972), by the fact that there 
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rtr(‘ no Na' ions in tho sAvept syntlx-tiu ciystals, thofci(^ ions having Ixven replaced 
])y H' by (Hcctiolysis of quartz ciystals at high ononglx tenipoiaturci? (~5(X)®C). 
We vviJl show in ff»]]owing paragraph that this influence is not tenable. 

fn the following is !)eing offered an explanation r)f tJ\e positive change of 
fi(iqiujncy in synthetic crystals for all X- or ganinia-ray <loses and in natural 
crystals for incieast^d (losers. 

Al ^ ^ 

W(^ will first attempt to show that apart from th<i X V sit(*s, Na+ and ritlier 
cations can (^xist in other sites also, most probably in the c-chaum^l and other 
minor (-lianm^ls in the qiuxi tz (rrystal. The evwlen(*e for onr supposition is piosentod 
in the lollowing paragraphs. 

(1) King (1959) has shown that synthetie crystals products two kinds of 
iin(‘lasti(;itios. In the fir st kind, an acsmstic? absoipthm j)eak for a quartz resonator 
ol‘5 MHz is produced at 50°K before irradiation. After irradiation, the peak 
almost. disapp(^ars, the 100"K ftbsorjition mentioned previously appearing. 
Sinc(5 the relative magnitudes of the 5()^K al)Sorption maxima producwl for 
(liPhTent crystals have no relationsJiip witli tlu' relative magnitudes of the lOff K 
maxima, King was led to conclude tliat tb.ere is no relationsl\ip Ix'tween tlie 
5(rK and 100' K defects. This conclusion b<x?omes all the stronger, since in natural 
crystals, the 50'’K peak is very much redruxsl bid the lOO'K p(‘ak is eompaiabU' 
to that in tlu^ synthetic (?rystals. 

A1 

From tlui above, since th(‘ 100' K defect is associattsi with the X P cc^ntcr, 
there, l\as to bo anotlver sitt^ for tl»,e 50"K loss peak. I ncichtntally King‘s obs(*r- 
vations also negated Fraser’s assumption (Frasm* 1904) mentioned (earlier* tJiat the 

A1 

50^K peak is associattsl with lattice distortion due to Xa' at tJ\(^ X P sites, for 
if this W(‘iv so, the arnirlitudes of 50 K ix*ak and lOO'K peak wonld liave been 
associated. 

(2) Fraser (1904) showed that injection of ions in natural cpiartz crystals 
by elecjt-r-olysis, produccsl a promimuit 50^1v acoustic absorption Aviiich is prescuit 
in synthc‘tie quartz. 'l'’his fact show^s that since tlu' Al'^+ defects are alroarly asso- 
ciatc'd with their cations in th,e natural or synthetic crystal, the Na^ ions injected 
into tht^ natural (piartz and giving rise to 50''K ab.sorption have occupied sites 

Al 

otJui* than X P. It alsi> follows that thesis oth<u- sites are occupied by Na+ ions 
in tho nor*mal way in synthetic crystals, since? on the one hand the cemcentration 
of Xa in synth.etic crystals is much more than in natural crystals and also because 
syntludic? crystals show the 50 K peak prominently. 

(3) Fraser* (1904) was l(?d tt) conclude that there are different kinds of sites 
for alkali ions in quartz. He iJrepared synthetic quarz crystals grown in Li- 
rlopcd nutrient solutions. This solution of course had Na duo to NagCO^ in it. 
He found that though tlie room and low temperature characteristics wt?re chaiigtxl 
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(showing that Li had boon takcMi up by t\\v, crystals) the higJi teiux>erature behaviour 
(of the acoustic lorn) of the doj)od crystals ^clnaint^d unchanged and indicated the 
presence of Na. 

(4) Dielectric investigations liavi? slunvn that the low teiupi*rature dielectric 

AI 

Joss is due to the cations at tlio X P (jenter, flipping bedween the two niiniiua in 
the potential curve for the center (Dewos Volger 197(1, Stevels & Volger 1962) 
but the liigh temperature dielecjtrie loss is du(' to thi' migr ation of cations in the 
c-channel (Show & Gibbs 1964), 

(5) King and Fraser (1961, 1962) have* sliown tl\at eU^etrolysis (i.e. srdrjecting 
quartz to a field of 1-2 kV/cm iil a furnace; at about 500 O) of both natural and 
synthc'tic cpiartz removes tJu aepustie loss e xisting at lugh teinpr^ratiires. Since- 
the loss is due to the movement of charge carriers, whicli moviunruit is possilrie in 
tl\e c-channel (Vt^rhoegrui 1952), tite improvermmt in tin; quartz shows tl\at alkali 
ions are present in the c-ehannol before elect lolysis. 

Fi’oni all the above, we (jonolude tliat tin* alkali cations can (»xist at two 

A] 

diffmmt kinds of sites, one the X P Centers and th.e other' existing in the charmels. 
Fn tJmse channels th.e cations would b(* pinned at dislocations, Gc and otlier delcMds, 
calbd ‘moorings’ by Stevels and Volgm* (1962) 

Fiom all the above we aic^ led to eoncliule that thrnigli th.e lOO'lv acoustic 
absorj)tion peak produced after irradiation, is a‘<soc*iated with tJie anolastie be- 
liaviour of the delect, the pre- irradiation 50 K absorption is associattnl with 

the pr’esoneo of cations at moorings. This dediu'iion gets su])port from the work 
of Brown (1960) and Jones & Brown (1962) on synthetic er^^slals, who have 
shown that density trf defeets in quartz depends on the gr’owilt rate and th.u’ there 
is correlation btdwi^en growth rate*- and tlie height the 50 K loss peak. In oth(*r 
words, the gnuitiu- is the growth rate, the greater would lx; the moor ings (deh^d-s) 
at which the cations can be trapped for forming the 50'"]v ilolects. 

For the explatiation of our expi>rimcntal results, wc^ first note that the mitioirs 
at the moorings woidd, due to th.eir positive charge, form electron traps. We 
make the assumption tliat wheTi the moorings cajUiire ele<*trons, produ<;ed by 
irradiation, tlu* 50'^K absorption loss is eliminatiKl. Due to the removal of the 
anelastic behaviour assoc iaUnl with tlm absorption peak, th(^ <dasticity increases, 
leading to increase* (rf resemamn*. freqtiemo^ Thus tlu^re will b(^ two simultaneous 
processes existing for* t'hange of freqiuuicjy with irradiation. Due to tlu^ generation 
of aiielasticity associated vHth the IdO^'K absorption peak on irradiation, the 
frequency would decrease and due to the disappearance on irradiation of the ane- 
la>stic behaviour assexjiated witJr 50®K absorption, the friiquonoy would incn*asc^ 
We here assume that the positive change of frequency caused by the destruction 
of 50°K defect (electron trapping by the cation at the moorings) is greater than 
the negative (hanger of fiequeiu y caused by tlm formation of A-ccirter, 
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At thi{J .stage we an? in a pesitioii to explain the irradiation TxAavioiir of 
syntlietic and natural quartz crystal'^ on the premiso«^ made above. 

Hyntheiic Orydals 

Due to the 1‘aet that tJ\(?re Ik a largo concentration of imperfection aitefl in 
synth(^tic quartz at. whitjli sit(^« the Na+ ions can be attached for forming electron 
traps, tlu^ ()V(?r all effect of fiequeiicy change is to give a positive offset. Though 
by now, no irradiation experiments have boon done on natural quaitz injected 
with Na' ions, it may b(^ inferred from all the above, that on irradiation, th(?ro 
may be positive cliango of fn?quency from the V(?ry ({ommencement of irradiation, 
or at Ic^ast, the rangc^ of doS(i of tlu^ ionizing radiations, for which the lu^gativc 
()ffsi?t. tak(?s j)la(*(^ would be rtnluced. 

Nahfml fJn/slalB 

AI 

Fn th(? natural crystals, duo to tlui relatively large concimtration of X P 
def(‘4ds ficcojnpani(?d l)y a small csoncentration of cations at the moorings in the 
6*-cliaunel, t]\e net irradiation effe(?t would l>e of a m^gative frequency offset at the 
]ow(U' radiation doses cau.sed by A-c(?nters. All along, as the radiation dose in- 
(U'(^aS(*.s, more and more of the? cations would come away from th(^ X-^^P d(^f(J(;ts 
to tlu' moorings, due to the foi iuation of A-cenU^rs out of them (P-defects). These 
n<^w cations at the moorings would produce tlu» positive fr enqueue y offset. Thus 
it is straightforward to deduce tl\at with increaso<l radiations tht? frequency offset 
after being n(?gativ’^(? in tin? b(?ginning, will cliange sign, in tlu? way t^xpe^rinu^ntally 
()b.serv(Kl. 

4. Conclusrion 

The pliysical basis of a tlieory, in terms of alto-nativo sites for alkali cations 
in quartz cjrystals has bcxui given which (tX£)lains the two opposing kind.S of changes 
in frequency of quartz crystals produced as a function of irradiation doses of X-rays 
and gamma rays. Tl)e irradiation removes alkali cations from tile AP^ dof<»ct 
centers, this proci?ss giving rise to decrease of frequency. At tlio same time, 
tile alkali catitms present at moorings in the quartz crystal o-channols and otJiers, 
capture oh^ctrons produced by irradiation, this process leading to increase of 
frequency. Of the (jations present at the mooiings, some are those whioli are 
2 )res(uii in tlu* quartz crystal inherently our have beem injcwtol in tlio lattice by 
electrolysis and the otluTS are those set free from tile AP+ defect centers by 
irradiation. 

Apart from tlie general common featun^s mcntioncHl above for the two kinds 
of radiations, there u ould be of course individual differences among them in causing 
the respr^ctivo (*hanges of frequency. This would be duo to the facts mentioned 
above that X-rays are only ionizing and gamma rays ionizing and can also cause 
nuclear displacements. Future work should unravel the exact role of these dif- 
fenmees in causing the fn^quency olianges. 
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Abstract. Thin films of Bi20a hav^e boon pi'oparecl by oxidation of bismuth 
films in atinospheric cnniditioiis. Tho structure of those films has been investi- 
gated by electron microscopy and electron diffraction. Dielectric moasuro- 
ments of tho films have been carried out using sandwich structure and the 
variation of capacitance and loss factor have been studied as a function of 
tornperaturo, frequency' and thickness. The observed results arc itsportcd 
and explained suitably in the present paper. 


1. Introduction 

It irt well knowia that oxide dielectric films are used extensively in active as well 
as passive devices in the field of micro circuitry. So the study of the dielectric 
properties of the insulating materials in thin film forms has become a subject 
of recent investigations. A vast variety of materials having amorphous as well 
as crystalline structure, has been used as the dielectric medium. Usually the 
amorphous material show remarkable insulating properties and insensitivity 
to impurities (Mott 1967). Most of the work on thin insulators has been carried 
out in amorphous films, particularly metal oxides (Chopra 1969). These films 
are mechanically and chemically very stable. 

Although amorphous BigOa films have been studied earlier (Doyle 1958), 
but very little information is available about the behavioiu* and dielectric pro- 
perties of crystalline a-BigOg films (rhombic phase). In the present investiga- 
tion the authors have studied dielectric properties of thin films of BigOg and 
the structure of these films. Preliminary results obtained in the course of 
investigation are reported in the present paper. 

2. Expeiimental Details 

(a) Preparation of films 

For the present investigation, glass slides were used as substrates and for struc- 
ture study the films were prepared onto NaCl crystals. Thin fihns of BigOa 
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were prepared by oxidation (Doyle 1968, Hapase et al 1967) of vacuum deposited 
Bi films. The glass slides were cleaved in the usual way (HoUand 1966) and a 
strip shaped thick electrode of aluminium (~ 8000 A.U.) was deposited on to 
the glass substrate and it was followed by the deposition of bismuth filwH under 
vacuum of the order of 10“® Torr. while deiMJsiting Bi films freshly cleaved 
rocksalt pieces was also kept by the side of glass slide for the simultaneous deposi- 
tion of bismuth films. The glass slides with bismuth films on top of aluminium 
electrode was heated in an oven at ITS^C for several hours (60 to 100 hours) in 
atmospheric condition. In this way the top surface of Bi-films was oxidised 
into rhombic yellow BijOg layers. It has been found that in case of thick Bi 
films, the oxidation was not complete even after prolonged heating. The thickness 
of BijjOj films was varied from 1300 to 2760 A.U. A thick coimter electrode 
of aluminium (~ 800 A.U.) was deposited over BijOj layers in n coplanar sand- 
wich structure as shown in figure 1. using appropriate mark. Sandwiched 
area of the dielectric between the electrodes was of the order of 0-8 cm* (Chopra 
1969). The thin film capatntors so formed with rhombic yellow Bi^Og as di- 
electric were investigated. 




al electrodes 

Esa 

LAYERS OVER 
residual Bi-FILM 

CZl 

A BCD-^ DIELECTRIC AREA 
BETWEEN ELECTROOS 


F%are I. The diagram showing the sohematio arrangement for depositing 
various thin films. 

These capacitors were mounted and fixed on a suitable base and the leads 

tTaT electrodes with the help of silver paint. It was found 

^t the (kads+olectrode) resistance was < ID and the effective lead capacity 

lft 67 i T the losses at higher frequencies (Mclean 

or making different depositions the vacuum was broken each time. 

(b) Measurittg Instruments used 

Marconi Universal Bridge model TF 2700 has been used for measuring 
the capacity and losses at different frequencies (200 Hz to 20kHz) and at tem 
^mtures from room temperature to 130»C by null detection method. The 
umversal bridge was fed with both external and internal generators. 

calculated by capacitance formula 
JA/4^, assuming the dielectric constant for BigO, films to be 18 as re- 
ported by Young (1981) for layers of BigO, prepared by anodic oxidation. 




Meamremevts of thin films of Bi^Oz 269 

The breakdown voltage was found with the help of a microvolt meter, model 
MVOOl supplied by M/s. SES Roorkee, by measuring the voltage across a 10 Q 
resistance which was placed in series with a 60Kf2 resistance and the film capaci- 
tor as shown in figure 2. 



D C. MICROVOLTMETER 


Figure 2. The diagram shows the circuit used for measuring the break down 
voltage. 


Tho breakdown voltage has been calculated from the relation 

V == {Fjl— 5 F 2 in mF} volts. (i) 

From the above circuit, the currents of the order of even 10“’ amps, could be 
measured. All the observations have been made at atmospheric pressure. 

For making electron microscopy and electron diffraction investigations. 
Philips EM 200 electron microscope has been used. The films of Bi 203 (500- 
1000 A) formed on NaCl were floated on the distilled w'^ater and picked up on the 
grids and were studied with the electron microscope. 


3. Results 

(a) Structure of filma 

The films of Bi deposited simultaneously onto the rocksalt substrates were 
oxidised at the same time while making the dielectric films for the capacitors. 
The Bismuth films so oxidised on examination with electron microscope showed 
polycrystalline structure. Figures 3,4 show the electron micrographs and 
electron diffraction pattern of tho BigOg films. All the films examined above 
500 A wore found to be continuous. On calculating the d-values for the various 
lines observed in the diffraction pattern, the films showed rhombic structure 
(a-BigOg) corresponding to ASTIM card No. 14-699, thus confirming that the 
oxidation conditions used in the present investigation are the correct and 
required conditions for forming a-BigOg dielectric films. 
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1 -'0 



f (in k€/s) ► 

CAPACITY VARIATION WITH FREQUENCY 

Figure 3. Tho ourv ^>3 show tho variation of capacitance with frequency. 



AC 

Figure 4. The curves show the variation of - X 100 with frequency. 

(b) Dielectric properties 

The unannealed fUma first showed a marked fall in its capacitance and loss 
factor (tan 8), which became very slow after a few days. But complete stable 
conditions could not be achieved even after a long period, due to the aging effects 
as usually observed. However, after repeated annealing of the capaeitor at 
175*^0 for 2 hours each time and leaving it to settle , down for one day after each 
annealing, it was found to have almost stable values. 
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(i) Capacitame and loss variation with freq^mncy 

The variation of capacitance and the losses for a frequency range (200 Hz 
to 20 kHz) was studied and it was found that for all the thicknesses of the -di- 
electric (1300-2750) value of the capacitance decreases with the increase in 
frequency as shown in figure 5, Below 1 kHz upto 200 Hz the change in value 

of the capacitance (”^^xlO0^ was around 8%, while in higher frequency 
range (1 kHz to 20 kHz) it wap around 10% as shovn in figure fi. 
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VARIATION OF LOSSES WITH FREQUENCY 


Figure 5, Tho curves depict dependence of U>8s faetor (ton S) with trequency. 
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Flgare 6. Tho curves in tho figure show the variation of capacitance with 
temperature. 
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For the respective thicknesses, we obtained that the loss factor, tmS, 
attained a nonimum value at certain frequency range on ^ ‘’"S 

Bide figure 7 It wa« also observed that tan 6 for layers of thicknesses (19W 
to 27.W A.U.) was nearly of the same order, while for a thinner layer (1400 A.U.) 

it wap quite low. 



TEMP. (ln*C) ► 


(900 A.U. 

2550 

2750 

1400 


Tcc (pp.m) Vj TEMP 


Figure 7. The curves depict the variation of T.C.C. with temperature. 

{ii) Effect of temperature on capacitance and losses 

It was observed that the capacitance and losses both are quite sensitive to 
the temperature variation. The effect, of temperature on capacitance and loss 
factor was studied at 1 kHz frequency. Tt was found tliat for thinner dielectric 
layers capacitance first decreased (negative T.C.C.) with temperature and then 
increa8(‘d with it (positive T.C.C.). But for thicker ones the capacitance increastrd 
earlier with temperature, as shown in figunw 8 and 9. T.C.C. for these films 
varied from— 1000 to 2800 ppm/°C which is quite high as compared to other 
good dielectricH. 

Unlike tho capacdtance, loss(^s showed an increase with temperature for all 
the dielectric thicknesses (figure 10). 

(in) Break down Intensity 

We measured the break down voltages for different thicknesses of BigOj, 
and then calculated the breakdown intensities. It was observed that the 
thicker fibns of BisOj had lower breakdown intensities obeying tho relation 
FbOitr^ where Fi, is the breakdown intensity, t the thickness of dielectric and is 
a constant. In the present case /5 = 0-78 (figure 11 ). Similar results have been 
suf^ested (Forlani and Minnaja 1964) and reported by other workers (Forlani 
and Minnaja 1969, Bundenstein and Hayes 1967, Goswami and Goswami 1974) 
also, for different dielectrics. Figure 11 shows the varitation of <. The 

slope of the straight line is negative. 
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1900 A-U 



TEMP (in*C)- 

LOSS VARIATION WITH TEMP 
Figure 8. The curves in the iiguro »how the losses with temperature. 



Figure 9. The curve shows the variation of log, versus t (the thickness). 
The curve shows a straight line having a slope equal to -*0*7S« 
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^AAA^ 


3 -ELEMENT CAPACITOR SYSTEM EQUIVALENT CIRCUIT 


Fig^ure 10 . (a) .‘{-olonK^nt circuit of the capacitor, 

(b) Its equivalent circuit. 


4. Discussion 

From t-ho above rovsiilts it is observed that the dielectric behaviour of BioOs 
quite similar to those of NbgOs or ZnS, as reported by Goswami and Goswami 
1973, 1974). So the dielectric properties of BigOg layers could also be explained 
on the basis of Goswami model which assumed the dielectric capacitor to consist 
of three elements, figure 12(a), viz., (i) an inherent capacity element C which 
remains constant h)r all frequencies and temperatures, (ii) the dielectric film 
resistance M in parallel with C, and (iii) a series lead resistance r, due to connect- 
ing leads etc. They also assumed It to vary with temi>erature as It = 
the lead resistance r being almost constant and that R^r, 

The measured equivalent- capacity and the equivalent series resistance of 
3-element circuit of figure 12(a) are given by 




iii) 


and hence 

tan d = wCgRt 


=: wrC 


^wRC'^ 


r 

loR^C 


(iii) 


tan d = wrC+ as R^r 

wRC 


(iv) 


from equation (iv), we find a loss minimum to occur at a frequency, given by 


1 

"" VrUb^ 

Thus the loss minimum in tan Vs frequency curve could bo explained satis- 
factorily. The increase in tan S at lower and higher frequencies could be well 

* 1 

explained with the help of equation (iv). At lower frequencies ^ 

and so tan d = x ^ while at higher frequencies wrC ^ therefore, 
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Plate 1, The electron micrograph of thin Bi20n film showin g Poly crystalline 
structure. 



Plata 2. SSleotron dififraotion pattern of thin BiaOs film showing rhombic 
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tan 8 — wrCaw. Since the value of B of BigOg films decrease with temperature, 
the values of tan 8 will increase at higher temperatures. 

The variation of capacitance Vs fiequenoy and temperature could also be 
explained with the help of equation (»*) 

It is orident from the above equations that the measured capacity Cs should 
decrease with frequency, as has been observed in the present investigation. 
Similarly the value of R decreases with the temperature, Cg will increase with the 
temperature. Similar behaviour has been shown by thicker films of Bi 203 , 
while thinner ones first exhibit a decrease in capacity with temperature and 
then increases with further increase in temperature, thus showing both negative 
and positive TCC. This effect is expected to be due to slight porosity in thinnor 
dielectric films and requires further investigation. 

Very recently wo have carried out some dielectric measurements at lower 
pressure and have found that the capacitance decreases slightly with frequency 
while the losses are reduced to nearly 50% of the value attained at atmospheric 
pressure. 

Further work on the dielectric measurements, growth of BigOg layers is 
in progress and it is proposed to carry out detailed work on the investigation 
with a wide range of film thickness. The measurements will also be carried 
out under different controlled pressures. 

5. Coiiclutfioii 

Capacitance and losses of Bl^O^ films are quite sensitive to frequency and tem- 
perature variation. These characteristics could be explained quite well with 
the help of Goswami model of 3-element capacitor-resistance circuit. The field 
strength required for breakdown of BigOg films is of the same order, as for other 
dielectrics. 
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Threft body problem for hyperbolic and Coulomb potentials 

S. S. Eaghuwanshi and L. K. Sharma 

DepapTtment of Applied Sliysics, Govt. Engineering College^ Jabalpar-482 Oil. 
Keoeived 25 May 1976, raised 26 May 1977. 

The method proposed by iDyges (1961) for finding ground state eigen values ;and 
eigen functions for a systeiii of three identical particles between any pair of which 
there is an attractive intela ction>does not provide accurate solution for hyper* 
bolic and coulomb potential functions. However, it has been shown that Eyges 
method gives sufficiently satisfactory solutions not only for a single exponential 
potential but even for a more general exponential potential, thereby showing 
that his method fits in well for the exponential type of potentials. 


1. Introduction 

Eygea (1961) has proposed an approximate method which has an explicit advan- 
tage over the variational method that in the former one can estimate the errors 
of the approximations that it is necessary to make. Eyges considered the quantum 
mechanical problem of finding the ground state energy-eigen values and eigen 
functions for a system of throe identical particles in which identical attractive 
forces act between each pair. The method was tested for a simplest exponential 
potential satisfactorily. Further, Eyges claimed that more compUcated problems 
could also be solved along similar lines. From the graph between g(k) and (i), 
Eyges drew a conclusion that first iterate which is closer to the zeroth order 
iterate could be taken as approximate value of the function. 

The object of this note is to contradict the claim made by Eyges that pro- 
ceeding along similar lines more complicated problems could be solved. This 
is shown by taking specifically hyperbolic potential functions which have already 
been solved completely by Sharma (1970) and Coulomb potential. It has been 
shown that by applying Eyges technique the accuracy actually dimnishes for 
such types of potentials. It has however, been shown that Eyges method gives 
satisfactory results not only for a single exponential potential but for the triple 
es^nential potentials also. In actuality the first iterate for hyperbolic and 
Coulomb potentials do not lie as nearer the zeroth order iterate as that for the 
^plest exponential potential solved by Eyges. 
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2. Basic Equations 

Eygea (1961) has given following expressions for the solution of the Sohro- 
dinger wave equation and found for the first iterate of wave function : 

*■“ “ i. “>] '•» 

Ab the contributions of the higher Fim to the series for fall off rapidly with 
I and m and thus an approximation of truncating the series is made keeping only 
Fqo and Fii. With this approximation and for w, if = 0, equation (1) takes 
the form : 

{/fcH3/4x*+.K’*) 

Eygos proposed a test for his method by introducing another function g(k) which 
he defined as follows : 

Further g(k) was plotted against k. Hence for different values of parameter ‘K’ 
graphs between g{k) and k wore obtained. 


3. Hyperbolic Potential 

Now we apply Eyges (1961) motli(Hl to following hyperbolic potential fuuotiou 
V{r) = — F„ coslv (ocr). (4) 

Following Gradahteyn and Ryzhik (1965) and Morse and Feahbach (1953) 
wo get 





(5) 


r(«+l)^+(l:o+3/2ifo)»j[(<z-l)»+(fco-3/2jf,)»1 

® f («+ 1 )*+(* o - 3 / 2 i : o )‘][(«- 1 )*+(* o + 3 / 2 ifo )*] 


Utilizing above values of /{kjK) and following value of 

g{k) for the potential given in eq. (4) 


g(k) = 


", , [(^oH3/4V)»jr„{(l;„Hgn»+l)^-4M 
_ ^ (Fo*+3V)[(Fo®+V+1)*- W+3/4V)3 


iiro[(V+Fo«+l)*-4iro*]ln 


r(a+ 1)2+ (7/4<!«)«1[(«- l)»+(6/4l!o)« ] 
r(«+l)»+(5/4ib„)«ir(a-l)«+(7/4fe,)«] 


6(iCo*4-SV)V 




1 


( 7 ) 
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Hyperbolic and Coulomb potentials 

It may be of interest to note tliat a similar expression with only parametric 
difference can be obtained for g(k) for the potential V(r) = — sinh(ar). 

For testing the accuracy of the Eyges method on the hyperbolic potential 
function F(r) = — Fq cosh(ar), a graph between g{k) and k is plotted. The 
following table gives the values of g(k) for different values of and 


Table 1. 


ko 

^0 1 

/f 0 = 2 

ivo — 4 

9(k) 

<Ak) 

Ak) 

0 

1*000 

1-850 

4-300 

1 

1-795 

2-138 

2-910 

2 

1-730 

9-940 

2-390 

4 

1-300 

1-114 

1-670 


In figure 1, the function g{k) has been plotted. We find that for a given 
iCo> the first order iterate is a function wixich in gtmeral first rises from its value 
at the origin and for Kq — 2 and Kq = 4, these itei ates cut the zeroth order 
it<^rate in two points separately. Further, first order iterate for — 2 also 
rises but more slxarply than the first order iterates for = 1 and Kq = 0*5, 
then drops suddenly and cuts tl\e zc^roth onler iterate in a point C. 

hyperbolic poten tial 
v(r‘)= -VoCOSh 



Figure 1. The curves give gnyp (k) as evaluated from the first iterate and 
its dependence on ko for different values of Kq, 
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4. Goalomb Potential 

Noxt wo consider the coulomb potential 

F(r) = Ajr, (8) 

Proceeding on similar lines one obtains the following value of g(h) for this type 
of potential 

1/2 


gw {(4J£:*+13/fc*)*-2(ir*+ib2)*}{(16ir2+61ifc*)i} J 

values of g{Je) for different values of K and k have been shown in Table 2. 

Table 2. 


(9) 


k 

For X = 1 

For X = 2 

g(h) 

ff(*) 

0 

V3 

V3 

1 

1-67 

1-74 

2 

1*73 

1-70 

3 

1-72 

1*64 

4 

1*74 

1-68 


In figure 2, a plot between g{k) and h is given which shows that : 

(1 ) Graphs for K = \ and if = 2 lie on either sides of the zeroth iterate. 


COULOMBIAN POTENTIAL 
V(ir) = A/r 



Fignce 2« The ourves for |7eoiti(l>) as evaluated ttam the first iterate. 
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(b) In both graphs maximum and minimas are found which are of course 
not observed in case of corresponding graphs for e3q>onential potential. 

(o) The curves are found to intersect with each other. This intersection of 
various iterates is also observed in the case of hyperbolic potentials. 

5. Triple Exponential Potential 

Here we show that Eyges (1961) method gives accurater esults not only 
for single exponential potential but for a general exponential potential as well. 
For showing this we take the following triple exponential potential 

V(r) = (10) 

The above mentioned potential h#s already been solved exactly by Sharma (1971). 
The value of g{k) for this potential is given as : 

g{k)= [ 1 +2/3{V+(l +^( ko)}* + 


i_ In {l+g(«o)}*+4V 1 1 
3 * 0 *^ {l+aK^^+V JJ 


( 11 ) 


In figure 3, a graph between g{k) and k^ for different Kq has been plotted. 
This graph resembles exactly the graph for single exponential potential and 


EXPONENTIAL POTENTIAL 



Figure 3. Function gexp{k) as evaluated from the first iterate. 
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thus arguing on the lines of Eyges one can infer that this method fits in very well 
for generalized exponential potentials. 

On comparing the graphs for the exponential hyperbolic and Coulomb 
potentials figures 1, 2 and 3, wo find that for hyperbolic and coulomb potential, 
the curvas do not satisfy the conditions awhich exist for tho exponential type 
of potentials i.o., tho curves for tho latter potential for first order iterates and 
for different values of parameter start from g{k) = y'3 and then gradually 
recode. However, in the case of hyperbolic and coluorab potentials, first iterates 
do not start from tlw» same point for = 0. Further, the shape of the curves 
do not have tho same form and moreover they intersect with each other and also 
all tho first order iterates are found to intersect with the zeroth order itorate 
with a peculiarity that for the hyperbolic potential the iterate for K^ = 2 cuts 
the zeroth order iterate at two points. Eyges (1961) has discussed and justified 
existence of all I order iterates for g{k) lying between 0 and \/3 for the three 
body problem, As this conclusion is not observcid for hyperbolic and coulomb 
potentials, thus it can bo inferred that the claim made by Eyges that this method 
ooidd be applied to more complicated potentials could not be held valid for the 
potentials considered by us in this paper. 
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Abstract. We propose a simple model for the study of anisotropy. It is found 
that the analysis of the anisotropy can be made by a direct examination of the 
alignment signal. Expsirimentaly, a Hoi target was excited by a beam of Na*^ 
ions, and a rate of anisotropy was found to be 4%. 


1. Introductioii 

The study of collisions betwetiii excited atoms and atoms in the ground states, 
is done in the case of statistically isotropic collisions in space, (Omont 1965). 
The existence of a privileged direction of collisions led to the work of Chamoun 
et al (1977) on new plienomena related to the anisotrox>ie cillisions. Their work 
was achievixl without knowing the rate of anisotropy which meant an unjiro- 
dictable order of magnitude of the signals expoeUxi from Secondary effects. 
Hence the importance of the rate of anisotropy especially as we are generally 
dealing with very small signals. 

We propose to show here the existence of tlie anisotropy by a direct study 
of its effect on the aligning signal. This kind of study is easy to achieve in many 
cases of collisions as it only uses simple geometrical considerations. Thus we 
study tlxe Hanle effect (Hanle 1926), of the linear signal corresponding to different 
directions of detection and external magnetic field, in terms of the average 
relaxation coefficients of the density matrix. By a comparison of the Hanle 
curves with some experimental data we detect the rate of anisotropy. 

2* Theoretical Galcnlation 

We detected the linearly polarised light emitted by the relaxing level in 
the 0^ direction (Figure 1) and whose polarisation direction is parallel (In), normal 
(/j,), or at ±46° from the Og axis. This was done in the presence of two static 
magnetic fields, along 0^. and Hz along 0*. 

We developed the density matrix of the excited state over a basis of irreduc- 
ible tensors Tg^, Fano (1969), and we neglect the coupling alignment-orientation 
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terms as well as the coupling terms with higher order tensors. Thus the collision 
leads to the evolution of the density matrix 

with Tj* (g = 0, 1, 2) 

= average relaxation coefficients of the density matrix. 



♦ 


Fissure 1. A soheme showing the detection direction with respect to the 
magnetic field, for different polarisation directions. 

The variation of the total density matrix is 

with ““VPg* = spontaneous evolution term 

= evolution term due to the coupling of the excited level with 
the external magnetic field. 

The signal of the rectilinear light is calculated in the tensorial space by the 
formula of D’yakonov (1965) 

X S X) 



Aniaokopic coUisions d 

Where J is th« intensity of the emitted light in the direction 

* • X 

and polairisation X- The detailed algebra gives; 

r _ r = Z[2a>^«a„i»-< rt T,«-(a)^Hr ,2^)( 4a>,«+rg2»)3 

J|l ■‘X ro*[4a,**w**-2«,,*ri*rj*-(ai,2+r«a)(4a,z*+r,**)-t,>.«] 


£:[2«*aa»,®-a>a*ri*r,*^(«za+ri®*)(4a)**+r8S*)] 

-3ai,nr2*(ri»|v+^«“)+4a,*T,*] 

and 

rr ^ 2js:-a,^ [r aW+ri»(4a>e^+ra»»)l 

ro*L4o).* V-2a,,*r,Tj‘-(a.,H rx2^)(4a..H «»*] 


2.g-a,jr»»a,„»4-r,^(4<s »+r,^?)] 
-3«,*iiY{‘.>-=‘+ri=*ra1+4ri*«,**] 

with 

p^( 0)2 _ torni of the density matrix of the linear excitation 

= M'sgjBa, 

jiB — Bohr magneton, gf ^ Land4 factor. 


Let us consider two oases 

a) Hf — 0, Eg — sweeping magnetic field. 


The plot of I\\—I± in terms of iTj. gives an absorption Hanle curve of 

K /jp 2p zp 2 

amplitude ^ and of width A = 2 y pXj^sr^’ Similarly gives a 

2K /p 2p 2p 2 

dispersion Hanle curve of amplitude .dj — 'Vr* 2 _L^er 2 of width 


dispersion Hanle curve of amplitude 
A _ 9 J^T^V 

^~^^rV+W 


^To^+sr,* 


We check that in the case of isotropic collisions, Fj® = — Fj* = F, 

the two curves have the same amplitude Ai — A 2 — Jl/F and the same width 
A = F as it ought to be. 

This leads to a method of checking the existence of the anisotropy by com- 
parison of the amplitudes of these two curves : 

AJSES!- 

Ti* ^ F,*-t-3Fj® 


5 = 4 ^ 

Ai 
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If this ratio R (equal to 1 in the case of isotropy) is different from 1 in the 
case under consideration, it implies the existence of anisotropy. This simple 
method is not very meaningful, it only indicates the existence of an anisotropy. 
Furtlxormoro it can be sometimes misleading because the relaxation coejGhoient 
may bo different but divided up in such a way that J? = 1. Experimentally, 
wo need for this method a high stability of the experimental parameters. For 
these reasons we shall consider the following case. 

b) Wo fix as a parameter and vary £r„ wo get for and 

as functions of (or two curves similar to those of Broasel and Bitter (1962). 
Those curves possess double bumps for largo values of and they correspond, 
in a fixed frame reference, to what we get in a rotating &am0 for the resonance 
experiment. For this reason wo shall call these curves the pseudo-Brossel curves 
and denote by and /45— i-45 by ^45. Then we have solved numeri- 

cally the root equations of and B45, which allowed us to deduce the half-width 
of these curves which we have denoted by and On a reduced scale 

graph wo plotted 

terms of [ ^ ]“ 

(Figure 2), where A is the width of the Hanle curve in the case (a). This plotting 
was done in two theoretical cases : fiirstly, the isotropic case, To® = Fi® = Fg^ = F, 



Figure 2. Numerical curves (1) isotropic, (2) JBeo anisotropic i Van Der Waals, (8) 
isotropic, (4) anisotropic j[ Van Per Waals. +C 3 cperixnental points. 
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Aniaotropic coUisiona 

with A == Hanle width = T (lines (1) and (3) in Figure 2; secondly the ideal 
anisotropic case where we have assumed that the anisotropy direction is along Oy, 
and the interaction of an excited atomic level with an atom in the ground state 
is of the van Der Waals type (lines (2) and (4) in Figure 2). in the later case 

ro» - 0-61, Fi* = Fj* = 0-78, and A = = 0-79, (Lombardi 1969). 

A 0 2 


3. Experimental 

Experimentally, we have excited a tatgot of HoT enclosed into a cell at a 
pressure Tue == 1*17*10~^ Torr, by an accelerated beam of ions Na"^ (Samos at 
70KeV). The beam excites tlie taegot atoms and get excited itself. The atoms 
of the target recoil under the effect of the' shock in a plane almost perpendicular 
to the direction of the beam; and these atoms relax by collision with other atome 



Flipire 3. Width of the level as a function of the pressure of Hel for X » 4922A. 

(1) □ High frequency discharge, 0 electronic bombardment with r *= 3.12.10"“® 
sec. (lifetime of the excited level) 

(2) +Na+ -♦ Hel (70 keV :. < v > rtcoii =« 4'26 <v> th$rmat- 
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of Hel (into the coll in the ground state; by doing so they ^mit a linearly polarised 
light. The study was done on the ray 49221 (level 4 of Hel) for which we 
found the collision cross section about four times greater than the electronic 
cross section by oomparaiaon of the slopes of lines (1) and (2) in Figure 3. 

For the transverse magnetic field we have included the earth field com- 
ponent H, (the other components wore compensated by Special directed coils* 
which was measured to be Htr — 0*23 gauss. The Hanle-width A was found 
to be 9*82 gauss and the result were stocked in a multi-channel (16 cycles with 
1 cycle == 100 sec.). 

Figure 4 shows the experimental curves B 45 and for different values 
of the transverse magnetic field. 



Figure 4. Experimental pseudo-Brossel ourvea and Bqo lor 

(1) 2‘72 gauss, (2) Eg = 5*45 gauss, 

(3) Ex » 10*88 gauss, (4) Ex — 13*62 gauss, 

(5) Eg =“ 16*36 gauss. 

Consequently wo have fitted the experimental curves by Brossel curves of 
a+hx^ 


the form 


Thus we have deduced numerically the values of Fjsjo 


w 


l-j-cx^+dx^' 

and rB 46 and we have plotted, on the same graph of reduced scale, ^ j 

and terms of these values are indicated by (4*) on (Figure 

2), and by comparison of the^experimental with the theoretical results of (Figure 2) 
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w© notice that in this experiment a collision anisotropy is present and is evaluated 
to 4% of the ideal anisotropy. 

4. DiscttMion 

This work is done here in a particular case of boajn and target. However, 
it has a much wider range of application. Furthermore, the case studied here 
is not ideal because, for the level 4^D2 of Helium, the collisions Ho*~He are not 
van Der Waals collisions at long distances. This point is checked by a comparai- 
son of the collisions cross section with the radial wave function of the 4d electron 
of the atom Hel (Figure 5). Thus, collisions between He* and other rare gases 
would give an experimental ^urve closer to the theoretical one, Van Der 
Waals, and consequently a h%her rate of anisotropy which corresponds better 
to the reality. 

A further advantage of this method is that it can be used to match certain 
experimental curves with previously worked theoretical curves for a given interac- 
tion potential, which throws some light on the kind of interaction, yet unknown. 



I 


Figure 5. Tho radial wavofunction |^|® of the electron 4d in the Hel atom. The 
vertical scale is arbitrary. The horizontal axis contains two scales : the lower 
one is taken in units of Uq, and the upper one is the cross-section. 
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Abstract. Perturbation method of Lindstodt has been applied to obtain 
the amplitude dependent Po 5 mting flux of first order and second order 
approximations of a transverse wave in a magnetised and gravitating 
plasma fiuid medium. It is observed that the effect of gravitation, pressure 
and external magnetic field are present in the second order approximation 
and not in the first order. At a large distance from the centre of 
the spherical system, the flux willflow along the radial direction 
only. It has been suggested that the second order Poynting flux may be the 
mechanism for radio emission fromradio sources like radio source in the 
jet of M87 galaxy. 

1. Introduction 

Poynting flux is a very important aspect of any plasma medium. Several authors 
(Field 1966, Erickson and Cronyn 1965, Bondyopadhaya 1976, Chakraborty 

1973, etc.) have derived the expressions for it for different media. In the present 
paper, we have considered the nonlinear wave propagation in a magnetised plasma 
under the influence of gravitation and pressure, and liave found out the average 
Poynting flux upto the second order of approximations. Wo have used spherical 
polar co-ordinates because it could bo very useful hi many astrophysical problems. 
It is observed that the effects of gravitation, pressure and the external magnetic 
field are present not m the first order but in the second order approximations 
(may be in all other orders greater than two). At a large distances from the 
centre (r--> cx)), it is observed that the Poynting flux moves along the radial direc- 
tions only, in both the order of approximations and in such case if the external 
magnetic field is negligible, there will be no flow of energy in any of the directions. 
However, the method used to find out the field components is a multiple-scale 
method, namely Uiadstedt method (Minorsky 1969, Chandra and Bondyopadhaya 

1974, etc.) 
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The possible applications of the theory of Poynting flux in asta-ophysioal 
context has been discussed by a number of authors (Field 1968, Bondyopadhaya 
1976, etc.)- In the present, the most interesting part is the ocourance of magnetic 
field in the second order approximation which opens up the great possibility of 
of radio flux from highly magneto-active plasma body e.g. hot regions 
in the galaxy, radio-sources, etc. 

2. Basic equations 

Let us consider one electron component weakly relativistic plasma fluid under 
the influence of gravitation and external magnetic field. We assume that the 
medium is at rest equilibrium before perturbation and the oollisional phenomenon 
is negligible. For convenience we introduce the spherical polar co-ordinate. We 
express the energy momentum equation as 

/ 

Together with this we have the usual equation of continuity, the Maxwell’s equa- 
tions and the Poisson’s equation 

^+div(ni>) = 0 


curl H= 


BE 

dt 


4Trenv 

0 


curlj? = 


I IK 

0 dt 


div E = — 4w{w-- W q) 


div // = 0 


( 2 ) 


= 4n0p^ 

whore pt = fip, pt is the average total density, /? is a constant, 0 is the gravita- 
tional constant, (j> is the gravitational potential, n is the electron density after 
perturbation, is the uniform background ion density, v is the electron 
velocity, E H are the electric and magnetic field intensities and c is the 
velocity of light. 


3o Pertorbatioii 

Let ua define the perturbation in the form 

P = Sc»J’,(o.^) (S) 



Oravitaiing magnetised plasma 17 

where F may represent and field variables E or H OT V OT n OT p or p\=^mn). 
Wo further coxisider the situation whore unperturbed velocity or electric field 
does not exist. Wo also take the equation of state as 

p = SriXjT = mV^^n (3.1) 

and in our problem only one dqgreo of freedom is excited by the field so, 
SXT 

where is the root mean square electron’s velocity, X is the Boltz- 

man constant, p^y Hq are pressure and magnetic field before perturbation and 
acts along the the azimuthal direotion of the spherical polar co-ordinates, a is 
the amplitude of electric and \Jf is the phase. 

In general, the variables in the oqn. (3) having e as co-efficients are functions 
of space and time. If wo use oq. (S) in oqs. (l)and (2), wo get nonlinear equations 
containing secular terms which grow up indefinitely when oo and thus 
destroy the convergonceof the series. Our aim in this paper is to deal with 
stable configuration, and hence definitely to convergent perturbation. Therefore* 
what wo have to do is to eli- minato the secular terms. In fact, tho 
elemination of secular terms in oach'stop of the approximation rendered tho 
perturbation method a practical tool in tho actual computation of successive 
approximations. Tho method of Lindstedt is particularly suitable for our 
purpose which has been used in plasma medium by Chandra (1974), Chandra 
and Bandyopadhaya (1974), In essence tho method we are going to consider is 
the initial value problem and the basic principle of this method is to express time 
variable in power series as 


^4.A = 5^1+ S e^Uij (4) 

whore A is independent of time but adjusts the phase and oCi*B are dimensionless 
constants in space and time, such that < a»+i. These constants will be so chosen 
tliat tho terms yielding secular behaviour after integration could bo removed. 
One may note that in relation (4) tho time scale t has been replaced by the series 
of time scale s, UiS, ocgp , .... However, edidently the time derivatives are given 
by 


dr 1 ^ 

dir (1 •••)** 


(r==l,2...) 


( 8 ) 


4.1. First order approximation of Poynting flux 

Let the solution of tho first order approximation of the electric vector propa. 
gating along the oross-rsidial direction be 


3 


sss a oos ^ 


(6) 
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whore ^ s hr—Qa emd a is real constant. This assumption does not reduce the 
gworality of tho analyaia bocauao, physically such harmonic solution does exist. 
By using eq. (3) in tho oqa. (1) and (2), the other components of the field vectors 
in the first order approximation have boon found to be tho following 


Qo«®coai^ ea(w*— a>«*)sin^ ^ ^ 


, £Vaip* sin ifr 

= 0, Sig = 0, = — aim — cos 

^ TiO CD 


Tti = 0 and 5 >i = 0 (7) 

where cDp-=^(^7TeHJm)^ is the plasma frequency, and Qq (= eH^^fmc) is the gyro 
frequency. 

Now the Poynting flux associated with these fields is given by 

' tn £ X H] oigs cm“^ 8eo~^ (8) 

Using the eq. (7), the first order approximation of the energy flux along the three 
mutually perjiondioular directions comes out to be 

< Sir > == {c^lS7r){klw)a^ 

< > = -(G^^I2rn)(nJ(jD^)(QJr)((jD^^ 

<S,^>^0 (9) 

where < > stands for average over time period 2;r/w. 

We observe that in the absence of any external magnetic field (Eq) or at a 
great distance from tho central region of tho medium (r-> oo) the flow of energy 
occurs only along tho direction of wave propagation and this is independent of 
magnetic field and density of the medium. Further, the effect of gravitation and 
the pressure are not present in this linear approximation. 

4.2. Second order approximation of the Poynting flux 

The equations of second order approximations must involve second harmonic 
terms only, and hence oc^ must be zero, otherwise it would give rise to the secular 
solution. But even then, derivation for the Second order approximation of the 
field variables, appears to be very much laborious as well as oomplio&ted. For 
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aimplioity, let ua oonoontrato our attention to the phenomenon oootired at a large 
diatanoe from the centre ao that we can have r-> oo. Then safely we can take 


* \ dr*^ r dr r» / * dr^ 


2 d 


( 10 ) 


Conae(lU 0 iitIy, the solutions of the second order approximation reduces, by using 
eqs. (1). (2) and (3), to 

»gr = — -W oos 2ifr, sin 2i/r, = 0 


E, 


mo>\ 

2ecii 


M sin 2 = 


mco^pQ coa 2^ 
4e(a>2-c2;k“) ' 


= 0 


Sgr = 0, 


TT —n Tt — cos 2^ 

** ’ i<oe{a >^ — c®!;®) 


(H) 


ng = — n^{klo>)M cos 2\^, pg = — V^p{kloi)M cos 2'ijr 


where 

M = 3(e/m)*a®(ifc/a>)(w®-0®F){a.®-a.»j,+Oo®){a'*-w*„-£l*„)-». 

.[(4«)*- + 0*^-4 F®«j!:®)(4o®-4i;®c®- 

Q = 4Qo(‘"*-«®**)(4a»*-4o®l:®-w®o)~^[(e/w)®{ifc/w)a2(a.®-o*p-£2®„)-i 

+M] 

and 

£0®^ = 

Therefore the Poynting flux in the second order approximation is given by 

S* = (c/4;r)[Ee£3XKof/g] 
or 

< ^3, > = (zro®»*/8)V(i/a*){a>®-c®*®)-®e* 

< -Sg, > = 0 

and 

< 5fg^ > = 0 (12) 

where Q has already been defined. 

The following important observations could be made from the above results 
in eq. (12). 

(i) Similar to first order approximation, second order energy flux propo- 
gates only along the wave propagation at large distance from the system. This 
is, however, a well known result. 
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(ii) The Poynting flux is dependent on both the gravitational potential and 
the pressure. (Note that their effeota were absent in the first order approximation). 
But, in general, tho gravitational offeot ia not significant because w ^ wg. Only 
in certain resonating cases the effect of gravitation could be significant e.g. if 

(iii) Tho Poynting flux ia proportional to. tho square of the field strength 

if £2o ^ ^ disappears in tho absence of any oxtornal magnetic field. 

(iv) Tho relativistic effect is absent even in tho second order approximation. 
Its effect may be found in the field equation of tho third order approximation 
or above (Sluijter and Montgomery 1965). 

(v) Tho Poynting flix depends on tho Plasma frequency and hence on the 
electron density of tho medium. If wp, tho second order approximation 
of Poynting flax is proportional to the square of tho number density. In the 
first order approximation, however, tho Poynting flax, at largo distances, inde- 
pendent of number density of the medium. (Eq. 9). 

However, to have a handy formula, so that one can use that easi.y for the 
explanation of physical phenomena, lot us make some assumptions for simplifica- 
tion, 

oi ~ ck{a) ^ ck), CO ^ cop, co ^ £Jq, <o ^ cog, w ^ Vgk 

Then 

M rK^ ( v'3c/4m)2(ifc/co®)a2 

Q ^(22/3)Qo^ 

and hence 

< > ~ O.l5{c^e^lllm^){co^p 

~ soc“^. 

5. Application of the theory 

A mechanism of Radio Emission from aatrophyaical radio sources. 

Tho derived expression for Poynting flux indicates that in body where the 
electron density and magnetic field are weak the first order Poynting flux is much 
greater than the second order and the first order itself is not very significant. 
For example, even if wc suppose that the electric field intensity a as high as 
~ 3.6x10“^ e.s.u. (see e.g. Zheleznyakov 1970, p. 694-7), tho wave length of the 
radiation corresponds to short wavo~l meter (co ~ 2 X 10®c/«), the steady 
magnetic field is ^ normal magnetic field of 8un~ 1 gauss, and the electron number 
density ~ electron density in upper coronal region ~ 10^ cm”"*. Then we have 

< SjfT > ^ 1.6 X 10* ergs cm“* sec-^ 3 x 10“Hi. 

< 82 r> ^ 1.42 X 10~i* ergs cm”* aeo"'^ 2.4 x 10*®*L. 
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where 

L, == flux from sun = 5 x 10^® ergs om~^ aeo~^. 

This estimation clearly justifies our statement above. Thus we arrive at 
the conclusion that, if, at all the Poynting flux from sun’s upper coronal region is 
to bo significant, then olootric field intensity must be ~ 6 e.s.u. and the first order 
flux (<S^r >) itself will bo comparable with the observed luminosity. 

But the situation will bo quito different in magnetically active and high density 
region. For example, near photcNSphoro and at the sunspot region ~ 10^® cm*”* 
and 3 X 10® gauss (See o.g. jfcholoznyakov 1970, Chap. 1) so that 

< Sir > 1 .6 X 10* digs cm-® sec-^ 

< S^r > ^ 1.1/10* org^ cm-® soc"^ 

The Poyntiiig flux in the second c^dor approximation is now comparable to that in 
the first order but the flux atrongfli is still not comparable with the observed total 
flux from Sun. 

The significant radio flux could bo obtained from the astrophysical bodies 
which contain very strong magnetic field and high electron density medium (hence 
which are very active). Radio source, radio galaxies, Quasars (?), Pulsars and 
other jioutron stars may bo considered aa aucjh entities. 

Let us discuss a probable real situation. It is known that there exists a jet 
coming out of the nucleus of the galaxy ilf87 (NGC4486) wliich omits strong 
reidio waves. Wo now see how far the present theory can explain this emission. 
Before that let us note that this jet is in plasma state, polarised (having strong 
magnetic field), the central region of this galaxy consists of a variable X-ray 
source and a small radio source, and emits and [Oil] linos, the average velocity 
of gas clouds in the jet is 1066 Km/Sec., the jot has mass ~(2.6) x 10®m., the energy 
released is »-w3xl0^® ergs/soc.(Shkokvskii 1972, Burbidge et al 1965). Almost 
all the authors agree that this jot has boon formed due to the explosions of plasma 
bolb in the nucleus of Jlf87. Wo may hypothesise that this explosion is somewhat 
similar process as solar burrts in the sunspot. A number of justification for this 
hypothesis could be set although few difficulties are there. But in the present 
paper we are not concerned with tliat wo only show that sunspot type region in 
the nucleus of Jlf87 could produce observed radio flux. Liot us take the value 
a~3.6xl0~® e.s.u., no~10^®cm“®, JETq^SxIO’ gauss, then 

< S 2 r> ^ 1.1 X 10^^ ergs cm~®sec*"^ 

< ®ir > ~ 1 .6 X 10^ ergs cm-®seo-^. 

Now if the source dimension is ~ 405., then 

< S^r > ~ 1.1 X 10^^ X 6.28 X 10®® X (40)® e^gs see”® 

lO**® ergs sec-^ 

which is of tho order of radio flux observed from the radio source in JlfST. 
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Actually dimension of radio source may bo much larger. Therefore with 
weaker magnetic field also we can obtain the very strong flux. The Quasars 
), raido flux strength is -- ergs Sec (See Lang 1976, p. 673). 

Thus it is not unlikely that the mechanism of radio emission in Quasars may be 
second order Poynting flux with significantly strong magnetic field. 

A nice example for the application of the theory is Neutron stars (particularly 
Pulsar) ^s radiation. It’s plasma density and magnetic field can safely be taken 
as ~ 10^* cra-^ and ~ 10^® gauss at least over some discroato region if not all over 
the surface where from tlie radio-energy of strength ergs cm“* seo.““’^ 

radiates (see e.g. Gold 1968, Chieu 1970). The electric field strength required 
for such flux is ~ 8x 10“"® e.s.u. only. 

This theory, we feel really a good achievement in the sense over the controversy 
still existing regarding the mechanism of radio emission from sources in Neutron 
stars Galaxies and Quasars. 

6. Remarks 

(i) Since, there is a lot of ambiguities about the Physics in Quasars and 
not in galaxies, we feel safe in applying our theory for the case of galaxy 
and not for the case of Quasars. 

(ii) The theory developed hero could be utilised for many hitherto unex- 
plained mechanism for radio emission from astrophysical bodies. The 
detailed discussion will be communicated later. 

(iii) The immeciate extension could be made in finding out poynting flux for 
small values of. 

(iv) It could be noted that the second order flux is completely longitudinal 
while the first order flux has both longitudinal and transverse. This 
has been possible because the starting solution we have taken is trans- 
verse. If wo would take that solution as longitudinal then the first 
order would come out as mixed and second order as purely longitxidinal, 

(v) The values of electric field, number density and magnetic field used 
for the plasma jet of Af87 are so chosen that it satisfy the observed 
flux. In fact, there is no confirmed values of those parameters at 
present. 
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Abstract The comparative features of electromagnetic radiation from various 

V 

processes, namely, cyclotron, doppler-shifted cyclotron, Cerenkov and syn- 
chrotron have been studied. The radiation from a test charge particle is 
considered. The total incoherent power is calculated by multiplying the 
test charge particle power by the particle number density. However, the 
need for coherent radiation to account for some special features of 
magnetospherio radiation is stressed. The coherently radiated total 
power is approximately proportional to the square of particle density. 
Taking the measured electron density and energy spectrum, we have 
computed the total radiated power and direction of radiation for different 
processes. The polarization study of radio-frequency waves has been 
included. In light of those the reception of electromagnetic signals 
generated by various processes is discussed. The pulsating nature of electro- 
magnetic radiations, which is characteristic of auroral zone radiation, is pro- 
posed to arise from the hydromagnetic perturbations. It is argued that these 
features of the radiated electromagnetic spectrum could be quite helpful in 
interpreting the experimental observations of natural electromagnetic noise 
generated in the frequency range between '^lOOHz and lOMHz. 

!• Introdaction 

Wo have studied tho goneration and propagation of eloctromagnetio wavos by 
various processes in magnetoplasma (Singh and Singh 1968, 1969a,b, 1970). Each 
of theso papers contain the details of one radiating process. The three basic pro- 
cesses considered wore Cerenkov process, Doppler-shifted normal and anomalous 
cyclotron process, and Synchrotron process. Those processes cover a wide range 
of electromagnetic spectrum and tho magnitude of tho radiated power and the 
direction of radiation changes from one process to another. The successful inter- 
pretation of the source of electromagnetic signals received at the ground or by 
rocket and satellite depends on the precise knowledge of some of these features. 
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Therefore, in the present paper, we propose to compare the features of the three 
processes which we have discussed separately. 

Among those distinguishing features are the radiated power, the boamwidth 
and the direction of radiation. All those quantities are plottini in polai* diagrams, 
according to the energy of the j'adiating particle and to the procjoss of radiation. 

A summary of experimental observations of electromagnetic radiations is 
included to aid the interpretation and discussion of our results. The role of beam 
of electrons aTid coheroiw^e of c*hai'g<^l particles on radiation is outlined. The 
effect of geomagnetic activity and solar flare conditions is discussed. The re- 
ception of electromagnetic wave power is illustrattKi. It is argued that, under 
certain conditions, the received power could bo oscillatory due to local ionos- 
pheric effects; although the Avavo-particlo interaction in the equatorial region 
may also give rise to such oscillatdry behaviour of profupitating charged particles 
and hence in the generated electromagnetic wave. 

2* Experimental observations 

The elotromagnetic waves covering a wide frequency range generated in the 
ionosphere and the magnetosphere can be rocjoived at the ground by means of 
suitably designed receiving systems. Those signals are detected in space by 
means of rocket — or satellite — ^born receiving devices. In this section, we will 
give a brief account of some recjont experimental measurements of very low fre- 
quency and radio-frequency electromagnetic waves. In the VLF-range (4kHz- 
230 kHz), Dowden (1961) made a number of measurements using the Hiss recorder 
and obtained an electromagnetic power of the order of 7.0x10^^® to 6xlO~^^W. 
m“^Hz~^. Later measiirements (Kleimenova el al 1966, Harang 1968) reported 
power of the order of 10“^^ to 10“^®W. in the frequency range 0.8- 10k Hz. 

In the recent years the VLFhiss has been recorded almost as a routine over a span 
of time by different groups (R. A. Helliwell, Stanford, U.S.A.; D. A. Gumett, 
Iowa University, U.S.A.; R. Gendrin, France; R. L. Dowden, Now Zealand; 
L. Harang, Oslo, Norway; T. R. Kaisor, University of Sheffield, U.K.). The 
maximum observed spectral density of VLF wave in the frequency range 1-20 
kHz at the Byrd station using his recorder was reported to bo 10~^^W. m~^Hz""^ 
(Helms and Turtle, 1964). Gurnett (1966) has reported the statellite measurement 
(Injun-S, Dec. 1962 — Oct. 1963) of VLF spectral density of the order of 10“^^ 
W.m-^Hz""^ in the frequency range 2-10 kHz. Analysing the Injun-3 data, Gurnett 
(1968) reported that the spectral density in the inner magnetosphere for 1-8.8 
kHz was of the order of 10 ~^ 2 \y^. ^~2 VLF power of the same order 

of magnitude was obtained by Gendrin ei al (1970a) by a rocket measurement 
(0.3-2.0kHz). 

The electromagnetic noise in the high frequency range has been reported 
by various authors either in terms of brightness or in terms of equivalent antenna 
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tomporaturo*. Dyco and Horowitz (1963) have reported the spectral density 
to be 4.1xlO“2^W. Hz“^ and also have shown variation along the 

geomagnetic latitude. Ochs (1964) using huge array of antennas operating at 
30 and 50 Mliz has reported the average power (averagd over a year) measured 
at Lima, Peru, to bo 1.3xlO~2®W. nr^ Hz”^ and 7.8x 10“^^W.m~”* Hz*"^ respec- 
tively. The ground based ovsorvation of lEllis (1964) is 6 X 10 "®®W. m“®Hz'”^ for 
20 MHz. Hartz (1964) has analysed the Aloutte data and has reported the spectral 
density to bo 1.5xlO~^®W. for 4 MHz. Hower and Dunlap (1966) 

have shown that 10 MHz noise may be observed from the north at the Washington. 
The measurement of galactic noise reported by Foitini et al (1966) at MHz is of 
the order of Hz“^. Recently, Vasecky (1969) has analysed satellite 

observations and has report(?d 5 x 10"^^^ Hz-^ for 1.5 MHz and 1.6x10“®® 

W. m'2 Hz-1 for 4.8-16 MHz. 

The polarization measurement of the signal is an important tool for measur- 
ing the electron content in the ionosphere and the horizontal gradients in the 
electron density. Gtuidriii et al (1970a) have measured the polarization of VLF 
signal (0.3 kHz-2.0 kHz) and have shown that those waves propagate in the right 
hand circularly polarized mode. Using the simultaneous measurement at the 
rocket and at the ground, they have shown that there is no change of polarization 
of those waves and also the generation mechanism is the one which discards the 
generation of left-handed circularly polarized wavQS. Contrary to this, the radio- 
frequency waves, while propagating through the ionosphere, change their polaii- 
zation (Ochs 1966). The ground based observations made by Ochs et al (1963) 
in radiofrequency range show an elliptical polarization which has been explained 
as the results of alteration of polarization while the linearly polarized wave propa- 
gates through the ionosphere. The linearly polarised wave may bo generated 
by synchrotron process. Peterson and Hower (1966) have shown that the 
polarization measurement of synchrotron signal loads to the estimation of Faraday- 
rotation and, consequently, the electron content of the ionosphere. In the next 
section, we will make comparative study of power-frequency si)ectra for different 
cases. 

3. Comparative study of frequency and power spectra 

It is well known that the acceleration and deceleration of charged particle 
give rise to electromagnetic wave. The electromagnetic wave radiations from 
accelerated electrons are classihed into four main processes. These processes of 
electromagnetic wave emission are interrelated and the radiation charaoteriatica 

*The ooirespondenoe between antenna temperature and power flux is made 
by assuning that the sotiroe radiates like a black body at the flrequenoy which 
is considered. 1®K is equivalent to 3.1 X 10-®®W.m”®Hz~^ at 1 MHz and varies 
like/*. 
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Change draBtically from one to ftnother. The energy and pitch angle dependent 
claaaifioation is often made, which is given below : 

(a) Cyclotron radiation — ^If the charged particle is of low energy and poaaesea 
only perpendicular velocity (pitch angle 90°), then the radiation at cyclotron 
frequency is known as cyclotron or gyroradiation process. 

(b) Doppler-Shifted Cyclotron Radiation— If gyrating charged particles have 
low energy and pitch angle a lying between 0-180°, then the charged particles 
spiral along the magnetic lines of force and radiate electromagnetic waves whoso 
frequency is either shifted up (0 < <? < 90°) or down (90“ <& < 180°), & being 
the angle between the propagating wave vtHitor and magnetic field) duo to their 
motion while radiating. If S is the hannonic number, then 8 > 0 gives the 
condition for normal dopplor-shifted cyclotron radiation and 8 <0, the anomalous 
doppler-shifted cyclotron radiation (Singh and Singh 1969b). The pitch angle 
dependenee may be studied by the following emission oqtiation : 


Vp 


V cos cc cos 0 
1 ~ - 

at 


( 1 ) 


where a is the pitch angle, w and o»b are the wave frequency and gyro-frequency 
respectively, V and Vp are particle velocity and phase velocity of the wave- From 

the equation it may be stwn that, if (S > 0 and ^ - > 1 , then for upward doppler- 

CO 

shifting, 90° < a < 180°, and for downward dopplor-»shifting, 0° < a < 90°. 

If jS > 0 and < 1, then for upward dopplor-ahifting, 0° < a < 90° and for^ 

downward dopplor-ahifting 90° < a < 180°, whereas for anomalous dopplor- 
slxifted cyclotron radiation (aS^ < 0), for upward dopplorahifting, 0° < a < 90°, 
and for downward doppler-ahifting, 90° < a < 180°. 

(c) Cerenkov Radiation — If the charged particle has only parallel velocity 
oomponont (pitch angle 0°) which ia greater than or equal to the phaae velocity of 
the emitted wave, then the proccaa of radiation ia known aa Cerenkov. 

(d) Synchrotron Radiation — When the energy of the radiating electron is 
relativistic and the pitch angle lies between 0° 180°, the radiation characteristics 
are changed and the process ia known as synchrotron process. In certain cases 
(Bekefi 1966), the pitch angle of the radiating electron in synchrotron mode is 
assumed to be 90° and in such oases the information about polarization is lost. 
Therefore, to get information about polarization one is obliged to consider pitch 
angle different from 90° (Weetfold 1969). 



28 


R P Singh and R N Singh 

The above fotir processes are believed to operate and cover a wide range .of 
electromagnotic spootnim starting from VLF wavos and extending up to radio- 
frequencies and microwave frequencies. The radiation characteristics of all 
those processes have been Studied separately in details elsewhere (Singh and Singh 
1968, 1969a, b 1970, Singh 1973a, b). Here, we propose to discuss the distinguish- 
ing features of the radiation process as operating in the ionosphere and the magne- 
tosphere. The formulation of those theories is based almost on similar as- 
sumptions, namely : 

(i) The medium is permeated by a static magnetic field and the electro- 
magnetic field vector is comparatively very small. 

(ii) The magnetoplasma is considered to be cold, collisionless, dispersive, 
anisotropic and neutral. 

(iii) Thermal motion of the particle has been neglected. 

(iv) The permeability of the medium is taken to bo equal to that of free 
space, fjb ^ 

(v) The dielectric tensor is complex and Hermitian. 

(vi) In the spatial and temporal description of the medium, the velocity 
effect of the spiraling partkde has been neglected. 

However, some of the recent observations demand the modifications of these 
theories to include the collLsional and thermal effects. The singularity catas- 
tropy which arises in VLF wave-power spectrum can be easily removed by ac- 
counting for the collisional and thtumial effocds of ambient plasma (Kurdyumov 
1966, Furutany 1968). 

The high frequency radiation is not affected by the collisions or thermal 
effects. However, the drifting plasma has shovm a marked feature of suppressing 
certain part of the frequency spectrum (Ramaty and Lingenfelter 1967, Shukla 
and Singh 1970 Shukla ei al 1974). 

The theoretic? al formulation of these processes with above assumptions shows 
that the radiated power spectrum in each case has different dependence on the 
energy and pitch angle of the radiating particles. As an aid for the interpretation 
and discussions forth<?oming in the following pages, we have reduced the power 
Spectrum dependence on relevant plasma parameters. 

1. Cyclotron Radiation — ^Power radiated by a single electron in cyclotron 
mode is given by ; 

P = 1, 5 x 10 ~ 22 J 52 yJ2(i+oos2^) W.Hz -1 (2) 

where B is static magnetic field in Gauss and = vjc. 

0 is the angle between magnetic field and radiated power direction. The radia- 
tion frequency is the gyrofrequenoy. From above expression, it is seen that the 
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power per electron incro^J^ses aa the magnetic field and energy of the radiating 
electron increase. The power, P, La directly proportional to the square of the 
magnetic field. It is also directly proportional to the radiating particle energy. 

2. Doppler- Shifted Cyclotron Radiation — ^Power radiated in the A^-th harmo- 
nic is given by (Trulsen and Fejer 1970) 


(l.- 


dP ^ ^ CO 

dio mo&€B ^11 ^ 







( 3 ) 


whore eg and are the components of the cold plasma dielectric tensor (Stix 
1962). Jft and are the Bessel function and its derivative of /S^-th order. 


j,. and h 


'^11 


x± 


X±R 

2ei 


and 


[(^1-^3) (*u*- J ^ ]* + 

X=-K+e3) ) - -J*- "3* 


coH and co are the cyclotron and wave frequency. From the equation it is seen 
that the power radiated is a complicated function of radiating particle energy, 
frequency of radiation, gyrofrequency and plasma frequency. Singh and Singh 
(1969b) have made a detailed analysis and have shown that the radiated power 
decreases as the energy of the radiating particle increases. The radiated power 
increases as the magnetic field and radiated frequency increases. Tlie power 
decreases as the plasma frequency increases, showing that the effect of the medium 
is to decrease the effective radiated power. In eq. (3), t?„ may be written aa v 
cos which shows that, when the pitch angle of the particle increases, the radiated 
power increases. This is true for S 

3. Cerenkov Radiation — ^Eq. (3) for = 0 gives the radiated power in the 
Cerenkov mode. So, all of the above remarks for Doppler-shifted cyclotron 
radiation follow for Cerenkov radiation. McKenzie (1963) and Singh and Singh 
(1969a) have shown that the power radiated in Cerenkov mode for VLF waves 
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is inversely proportional to the plasma density and directly proportional to the 
square of the magnetic field. Also a E~i and ^ This depen- 


dence is in the limit cojy ^ cop and 


/c^jsr \ ^ 
\ vcop / 


1 . Similar dependence has also 


been obtained by Gendrin and Etcheto (1970). 

4. Synchrotron Radiation — Resolving the velocity of the radiating electrons 
along directions perpendicular and parallel to the projection of B in the plane 
normal to the instantaneous velocity of electrons, the distribution of the radiated 
power in these two modes is given by (Weatfold 1959) : 

P„-2.8x10-»£ 

= (l+rWJT..- (l+yf*)-) 

(4) 


The average radiated power in these two modes, after integration over ^ is the 
angle between the direction of radiation and the orbital plane) is written as 

Pll == 2. 34 X 10-25 a 


Rj, = 2. 34x10-25^ sin a RJf/fc) (5) 

where B is the ambient magnetic field in Gau>ss, = 4 . 272 J 5 ^in a in MBg and 
7 == Elmd^. Also, 


^11 (I ) = -^ [ I ifs/s Wrf^-^*/s(///*) ]- 

c 

•p’x(///e)= ^ J 1^6/3 (’?)‘*7+^^2/s(///e)]. 


^ 6 / 3 > -K^ 2/8 and Kif 2 are modified Bessel function of the second kind. From the 
above equation (4), it is soon that the average power radiated is directly propor- 
tional to the magnetic field. The increase in energy through the function E(flfe) 
for fixed B will increase the power in the beginning, and then will decrease, showing 
a maxima at certain energy dejiending upon the magnetic field and the frequency 
of radiation. 

All thckSe theories are formulated for single radiating charged particles. In 
order to get the total radiated power, the single particle power is multiplied by 
the number of charged particles giving rise to electromagnetic radiation in the 
sama frequency range. Therefore, the power radiated in the magnetosphere has 
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to account for the energy spectrum of the charged particles and the magnetic 
field corresponding to this region. For the evaluation of total radiated power, 
we have assumed the earth’s magnetic field to be a perfect dipole one. The 
energy and pitch angle dopondonoe of the radiating electron flux has been assumed 
to be of the following form 

J{L, oc, E) = J(L) oxp (--EIEq) sin»» Ue {L) (6) 

whore sin^ 0 Ce{L) gives the pitch ai^lo distribution of electrons in the magnetosphere. 

The exponential energy pariamotor E^ has been assunmd equal to 50KoV 
(Geiidrin et al 1970b have shown that Eq < 100 KoV). The pitch angle distribution 
parameter, m varies witli L, betWtMUi 1.6 and 3 in magnotosphoro (Watari and 
Kamiyama 1969). For simplicity, we have assumcKi m = 2 for L values 2-6. 
The equatorial pitch angle a® for it = 2 has been assumed equal to 20*^. The loss 
cone angle for 1/ = 2 is 14.6°. All the electrons having equatorial pitch angle 
loss than 14.6“ will bo precipitated into the ionosphere and will not contribute to 
radiation by mirroring back and forth. 

The variation of pitch angle in the equatorial plane with L and along L in 
the non-equatorial plane has been considered, using the conservation of the first 
adiabatic invariant. The variation of J{L) with L has been tabulated below 
for ready reference («/(i/ 2 ) iB omnidirectional) : 

L 2 3 4 

J(L) 2x10’ 4x10’ 4xl0« 6x10’ cm-^sec-i. 

The J(L) values reported here are in accordance with those reported by 
Vernov et a (1969), although tjiey have reported J{L) values for energy greater 
than 100 KeV, therefore, their values are smaller than the one we assume here, 
because wo have taken all the electrons of energy greater than 1 KoV. Using 
the above energy spectrum and pitch angle distribution the power radiated by 
different processes have been tabulated for comparative study. 

The radiated power from cyclotron process, for If = 2, 3, 4 and 6, and geo- 
magnetic latitude, = 0°, 20® and 40®, has been tabulated in table 1. The 

Table 1. Cyclotron radiation 


X-2 


Qcomag- 

netio 

latitude 

Frequ- 

ency 

Power 

Frequ- 

ency 

Power 

Frequ- 

ency 

Power 

Frequ- 

ency 

Power 


110.0 

6.0X10-“ 

32.0 

3.0x10-“ 

14.0 

3.0x10-“* 

7.0 

6.0x10-^ 

20® 

200.0 

4.0x10-“ 

60.0 

2.0x10-“* 

21.0 

1.0xl0-«» 

10.0 

i.oxio-a« 

40® 

800.0 

2.0x10-“* 

200.0 

8.0X10-“ 

100.0 

1.0x10-“ 

62.0 

2.0X10-®* 
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frequency of radiation has been assumed to bo the corraapoiidirig local gyro- 
frequonoy. The power has been tjxpressed in Hz-^, the radiated fre- 

quency in kHz. 

Synchrotron radiated power for Z, = 2 has boon calculated and shown in Table 
2. The calculation for higher Zr-valuoa has lu^t boon made becauso it has boon 
Seen that the radiated power decreases very rapidly as ii-increases in radiofre- 
quency range (Singh and Sin^ 1968). 

The power has boon expressed in W.m' ^ and frequency in M.Hz. 


Synchrotron radiation 

^ = 20‘ 


Table 2. 

Frequency 

10 

30 

100 


^5 = 0® 

6.0 X 10-35 
2.0x10-3® 
5.0x10-36 


2.0x10-34 

9.0x10-35 

6.0x10-36 


^ = 40° 
3.0x10-33 
5.0x10-34 
9.0x10-36 


The dopplor -shifted cyclotron radiated power and Cerenkov radiated powers 
have been calculated and tabulated below. The calculation for Anomalous 
Doppler-Shifted Cyclotron radiated power has be^en made for L = Z. !For normal 
Dopplor-Sliiftod Cyclotron Kadiation and Cerenkov Radiation, the power eva- 
luation has been made for different Z- values. As usual, the power has been ex- 
pressed in and frequency in kHz. 


Using the experimentally measured energy spectmin appropriate for all the 
four processes, we have computed the total radiated power in the magnetosphere. 
The results presented in Tables 1-5 allow that the powiu* radiated in the cyclotron 
mode is maximum and in the synchrotron mode is minimum. The radiated 
power in the Cerenkov mode is greater than the doppler-shifted cyclotron mode, 
but leas than the cyclotron mode. The radiated power increases in regions of 
high latitude as compared to the equatorial region. From Table 1, it is soon that 
electromagnetic waves of higher frequency is generated in the auroral region :and 
lower frequency is generated in the equatorial region. Also the power radiated 
at lower Z-values is largo as compared to higher Z- values. From Table 2, it is 
seen that the power radiated in the JfHz frequency range is of the order of 
W.m ^.Hz The radiated power decreases with increasing frequency at Z = 2, 
We have made the power computation for 10, 30 and 100 MHz, which are high 
frequencies as compared to local gyrofrequency. The power would increase as 
the frequency decreases, showing a maximum around local gyrofrequency and 
then will decrease as frequency decreases. 
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Table 3, Anomalous-Doppler-shifted Cyclotron radiation {8 ^ — 1) 


Frequency 

o 

O 

11 

•e. 

o 

O 

II 

•e. 

« 40° 

10 

8xl0-*» 

10-37 

4x10-!" 

80 

IQ-rt 

sxio-*’ 

7.0xl0-a® 

50 

3xl0-»^ 

7X10-” 

SxlO-a* 


Table 4. Normed-Doppler-shifted Cyclotron radiation ( 8 ^ 1 ) 


Geomag- 

netic 

Latitude 

Frequency 

L = 2 

L « 3 

Xf Bs 4 


0° 

10 

4x io-*» 

3 X 10-»® 




40 

5x10-27 

... 



20° 

10 

Sx 10-37 

7xl0-®» 

4x10-30 

3x10-” 


40 

2x 10-2« 

6 X 10-»» 


... 

o 

o 

10 

3 X 10-2® 

6x10-“^ 

3x10-17 

2x10-” 


40 

2x10-36 

2x10-” 

4x10-37 

... 


Table 5. 

Cerenkov radiation (8 

= 0) 



Geomag- 

netic 

Latitude 

Frequency 

L « 2 

L « 3 

X « 4 

X « 5 

0° 

10 

fix 10-” 

3 X 10-” 

4xl0-«® 

0 


40 

2x10-30 

... 

... 

... 

20° 

10 

fixio-®* 

3x10-“ 

fixio-»» 

6x10-3® 


40 

2x10-” 

4x10-” 

... 

... 

40° 

10 

4x10-” 

4x10-” 

6x10-” 

10-36 


40 

2x10-” 

2x10-” 

2x10-” 

4x10-30 


The VLE power from the auroral ishows an increaning tendency. From 
Tables 3 and 4, it is seen that the power radiated in the normal and anomalous 
doppler-shifted cyclotron mode is of the same order of magnitude and has the 
same trend of variation along geomagnetic field line. The normal doppler-shiftod 
cyclotron radiation is concentrated in tho backward hemisphere, whereas the ano- 
malous doppler-shifted cyclotron radiation is concentrated in the forward hemis- 
phere. The radiated power in the Cerenkov mode ads slightly greater than tho 


5 


The dotted line in the table shows that the corresponding frequency does 
not satisfy the radiation condition at the place (JD, ^ space) for the corres- 
ponding radiation process. 
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dopplor-ahiftod cyclotron mode and has the same type of variation with frequency 
and latitude. The radiated power showH a maximum at 1/ ;=; 3 due to an en- 
hanced hot electron density at i == 3, as compared to i = 2 or = 4. Although 
the electron density is maximum at 2/ = 5, but the radiated power per electron 
decreases with increased Zf- value, therefore, the radiated power does not show 
any maximum at Z = 5, but the radiated power at Z = 5 is greater than the 
radiated power at Z = 4. 

It is obvious froiii Tables 1-6 that the high frequency waves are mainly 
generated by synchrotron radiation process, whereas VliF waves are generated 
by one of the remaining tlwee processes. Also it is Seen that relativistic electrons 
are responsible for high frequency noise generation, whereas low energy (including 
mildly rolativistic) electrons play an important role in the generation of VLF 
waves. It is also Seen that the same frequency may be generated by different 
processes with different intensities. More specifically, wo can say that a given 
frequency greater than the local gyrofroquency /a is generated more efficiently 
by synchrotron process and that the frequency which is equal to the gyrofroquency 
is generated more efficiently by cyclotron process. The frequency below the 
local gyrofroquency is generated either by Certmkov process or by doppler-shiftod 
cyclotron (Normal and anomalous) process. Thus, knowing the frequency, 
intensity and direction of radiated wave in the magnetosphere, one can pin down 
the process of generation of the electromagnetic waves. The synchrotron process 
has clear-cut distinguisliing foaturoa. The radiation is mostly in the high fre- 
quency range and is polarized. Tlie measurement of polarization in the high 
frequency region is characteristic of this process. Sometimes synchrotron radia- 
tion can also be emitted in the kHz region. This is dependent on the particle 
flux, the energy spectrum of the charged particles and the ambient magnetic 
field. If the magnetic field is small (local gyrofroquency in the kHz frequency 
range), then the electromagnetic waves in the kHz frequency range may be gene- 
rated by synchrotron process from high latitudes as well as from equatorial regions 
of higlier Z- values. To be more specific, we find that the power radiated by a 
single electron of 1 MeV at 25 kHz at Z = 5 and 0 = 40® is 4 X IQ-siW.Hz-i. This 
shows that the power radiated by single electron at 25 kHz in the auroral region 
(Z = 5, ^ = 40®) is as high as the power radiated by single electron at IMHz^ in 
the auroral region (Z = 6, y = 40®) is as high as the power radiated by single 
electron at IMIIz, Z = 1, 3, 0 = 0® (Singh and Singh, 1968), which means that 
the synchrotron process may bo effective even in the kHz range from the upper 
magnetosphere. Wang and Kim (1970) have made calculation of synchrotron 
radiation from auroral zone electrons and have shown that their results are in 
good agreement with the auroral noise observed at College, Alaska. 

The decisive radiating process and the correct measurement is capable of 
revealing features of the electron velocity distribution or energy spectrum of 
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radiating particles. The role of charged particle energy spectra on the radiation 
oharaoteristica in the high frequency region was studied by Singh et al (1969). 
Such information may be derived for all the radiating processes, since in all these 
processes, the total power is computed by assuming a certain energy spectrum of 
the radiating electrons. Thus, by measuring the exact intensity of the wave and 
the particle density, the energy spectra may be obtained, or by knowing the 
energy spectra, the particle density in different energy ranges may be obtained. 

4. Angular distribution of the radiated power 

The polar characteristic>s of the radiation processes give the angular distri- 
bution of radiated power which dott>rminos the direction of maximum power 
radiation and helps in describing #ie geometry of reception. The polar charac- 
teristics of cyclotron radiation is determined by the term (1+oos^^) in oq. (2), 
0 being measured from the magnetic field in clockwise direction. This shows that 
the radiated power in the magnetic field direction is twice as compared to the 
power radiated in a direction perpendicular to the magnetic field. This is the 
case for cyclotron radiation from low energy electrons. The characteristics of 
cyclotron radiation from mildly relativistic electrons are completely different. 
The maximum radiation direction for cyclotron radiated power from mildly rela- 
tivistic electrons varies with the harmonic number and with the energy of the 
emitting particle (Bekefi 1966, Singh 1969). The polar characteristics of doppler- 
shifted cyclotron radiation and Cerenkov radiation is expressed as (Singli andSingh 
1969b) 


dP _ _ ^ df 
dCl dco d(cos6^) 


df 

where ^ obtained from the dispersion equation. It is a function of 

and of the components of the dielectric tensor of the medium. The angular dis- 
tribution of synchrotron radiation is obtained by changing ^ (the atigle between 
the direction of radiation and the orbital plane) in the radiated power expression 
(eq. (4)). Therefore, the angular distribution of the radiated power depends on 
all the parameters. The radiation is concentrated in a fine beam in tho direction 
of instantaneous velocity of the electrons. The beam width of the synchrotron 
radiation is given by = (mc^lE), which shows that, as the energy of radiating 
electron increases, the radiated beam becomes sharp. The separation of radiated 
pulse in a certain direction is given by AT = ^ttIwh), {wg is the local relativistic 
gryofrequoncy), which shows that in a strong magnetic field, the synchrotron 
radiation process would be a continuous radiation process. Also AT becomes 
small, which indicates that more electromagnetic pulses are radiated per second. 
This is another argument for the enhancement of synchrotron and cyclotron iK>wor 
in the presence of exdianced magnetic field. 
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For the comparative study of polar dia^am of different processes, we have 
plotted polar diagram for all the proceasea in one figure. We have drawn the 
angular variation of radiated power in the range of 0° to 180°. For 180° to 360°, 
there exists a symmetry. In faot, the parameter which plzya a role in controlling 
the angular variation of the radiated power is the parallel velocity of the particle 
(pitch angle). For cyclotron and synchrotron radiation, Fu has been assumed 
to be equal to zero, ho that the polar diagrams are also symmetric with respect to 
0 = 90°. The normalized radiated power in certain direction was obtained by 
dividing the angular power by the maximum radiated power. Therefore, polar 
diagrams shown in figure 1 give the angular variation and the relative amplitude. 
The polar diagram for Cerenkov radiation is independent of frequency (McKenzie 
1963, Singh and Singh 1969a), whereas, for doppler-sliifted cyclotron radiation 
(normal and aiuimaloua), the frequency has been taken equal to 10 kHz, The 
frequency of synchrotron mode polar diagram is 30 MHz. The energy of the radi- 
ating particle for doppler-shifted cyclotron and Cerenkov has been assumed to 
bo IkeV, whereas for synohtrotron mode the corresponding energy has been 
assumed to bo lOMeV (1 keV energy is close to experimental measurements in the 
ionosphere and magnetosphere, and 10 MoV is an upper limit encountered only 
during artificial injection of relativistic electrons). From the figure, it is seen 
that the electromagnetic radiation in apace covers almost the entire space and the 


60 * , 20 ' 



Figure 1, Normalized polar diagram of O 3 rolotron, doppler-shifted o 3 rolotron, 
Cerenkov and synchrotron radiation from a single electron (JS « 2, ^ 0) 


maximum power in certain direcion is charctctoristic of certain process of radiation. 
The comtribution of doppler-shifted cyclotron radiation is in the forward as well 
as in the bacikward hemisphere. When the particles parallel velocity is positive, 
the anomalous doppler-shifted cyclotron radiation is effective in the forward 
hemisphere, whereas normal doppler-shifted cyclotron process is effective in the 
backward hemisphere. The beam width in the forward hemisphere is compara- 
tively larger than the beam width in the backward hemisphere. The beam 
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width of Corenkov radiation lies in tho forward hemisphere and is comparatively 
larger. The angular distribution of anomalous dopplor-ahifted cyclotron radiation 
is similar to Cerenkov radiation in many reaxxxjts, except of tho beam width. 

From the figure it is seen that the synchrotron power radiated by relativistic 
electrons is concentrated mainly along tho mstaiitaiieous velocity vector and tho 
beam width is narrow. From the study of polar diagram of cyclotron radiation 
and synchrotron radiation, it is observed that the polar diagram chaaigea when 
the radiating electron energy changes from low energy to relativistic energy, 
which is consistent with the theory (Singh and Singh 1970). In figure 2 we have 
shown the variation of total radiated power from different processes. The place 
of radiation in space is characterized by L =- 2 and ^ = 0°. Tho radial vector 
represents the magnitude and direction f>f the maximum radiated power for each 
of these radiating processes. All tho properties of tho radiation processes which 

120 * 



Flgnre 2« Vector diagram of the radiated power (W. Hz-^) for different 

processes. The vector direction represents the maximum power radiation 
which is measured with respect to ambient magnetic field direction X « 2, 
^ « 0®, a. = 20% m = 2, lZ?o = 60 koV. 


have been describe in the previous sections can be studied by the aid of this simple 
vector diagram. From tho vectordiagram, it is seen that tho power radiated in 
Cerenkov and doppler-shifted cyclotron mode are approximately of the same 
order of magnitude, but in different directions. This characteristic of radiation 
process is helpful for the study of wave-particle interaction as proposed by Wang 
(1969) and Singh (1973a, b). Recently, Dowden (1970) has shown that the ano- 
malous doppler-shifted cyclotron radiation is the most promising emission process 
of whistler precursors. To explain this, he has shown on the basis of physical 
arguments, that tho phase bunching produced during the wave-particle inter- 
action is helical, but wo are not discussing here the backward effect of the waves 
upon the particles. 
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5 . Reception of radiated power on the ground 

^Tho okKjtromagnotio wave emitted in the magnotoaphore and ionoaphore 
may propagate in any direction depending upon the process of radiation and 
the direction of emission. The electromagnetic wave propagating along the 
geomagnetic field direction can be received on the ground at the base of the lines 
of force. The electromagnetic wave emitted in a direction perpendicular to the 
magnetic field dirdction may propagate towards the earth as well as away from 
the earth . A part of the wave which propagates towards the earth may be reflected 
from some layer in the ionosphort) and may not bo receivfkl on the ground. The 
counterpart which is not reflixjtod from the ionoaphore is received on the ground. 
The reception of suclx waves is discussed in this section. We confine ourselves to 
the discussion of detec?tability of electromagnetic wave on the ground emitted 
by different processes outlined in earlier sections. 

The radiated power by the cyclotron process at the fundamental fcequency 
is concentrated along the magnetic field direction; therefore, the power radiated 
by all the <dectrons in a magnetic tube of force will be additive. By devising 
suitable antenna system at the base of geomagnetic lines of force the integrated 
cyclotron power can be received. 

From the polar characteristics of Cerenkov radiation and doppler-slxifbed 
cyclotron radiation, it is seen that the maximum power is («nittod in a direction 
at an angle & with the magnetic field. Such VLF waves, because of irregularities, 
are ducted in the magnetic ficild direction, and they can be received on the ground. 
Moreover, if the angle 0 is such that cos 0 — the energy is propagating 

strictly along the magnetic field line, even in the absence of irregulairities (Gondrin 
1961). 

Helliwoll (1965) has suggested that the quasi-periodic emissions with fre- 
quencies similar to those of micropulsations are caused by the hydromagnetio 
modulation of tlio source. To explain the amplitude modulatt^ quasi -poricKlic 
VLF emissions, observed on the rocket, Beghin (1967) has argued that hese emis- 
sions are generated by the precipitated high onorgyolectrons, which are modulated 
by hydromagnetio waves (Parks et al 1968). Coronity and Kennel (1970) made 
theoretical study of modTrlation of VLF hiss by the hydromagnetio waves and have 
shown that the amplitude of the VLF omission and intensity of the associated 
particle flux vary exponentially with the amplitude of the hydromagnetio waves. 
This theory has been experimentally verified by making simultaneous observation 
of particles and waves by rockets (Etcheto etall^ll). Similar fluctuations in the 
high frequency electromagnetic wavea (1 — 7 MHz) has been observed (Berky and 
Parthasarathy 1964). Also, such €ui effect could be used to explain the periodic 
fluctuations in the received high frequency electromagnetic power. We have 
proposed a moohanism of ayncliirotron rdiation during the magnetically disturb^ 
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periods (next section). Similar effects could also explain the pulsating and modU' 
latod VLF hiss which is often observed in the auroral zone. Recently, such a 
correlation between the magnetic activity and the VLF-pulsating hiss was re* 
ported by Kitamiura et al (1969). In the next si>ction we have given the geometry 
of the reception of synchrotron radiation in tlie auroral zone during the severe 
magnetic storm, As these magnetic storms are accompanied by large amplitude 
hydromagnetic waves, the pulsating nature of tlxe auroral noise in the VLF and 
high frequency region is explained. 


6. Synchrotron radiation in the auroral zone 

The high frequency wave radfcattKl by synchrotron process is along the ins- 
tantaneous velocity vector direction which is perpendicular to the magnetic field. 
The reception of radio wave in thfe equatorial plane was suggested by Dyce and 
Nakada (1969), where plane of a helix in the equatorial regic)n is perpendicular 
to the horizontal magnetic field; therefore, the radiation emitted along the direction 
of instantaneous velocity can bo easily received on the equatorial receiving stations. 
Exception to this situation arises during the Severe magnetic storms, where high 
energy electrons are accelerated along the lines of force and they precipitate in 
the auroral zone. Such storms are also accompanuKi by large amplitude hydro- 
magnetic waves (Gondrin 1970), which rather govern the plane of the gyrating 
electrons and enable the synchrotron radiation to bo detected in the auroral zone. 
Therefore, we briefly outline the possible geometry for synchrotron radiation 
detection in the auroral zone. , 

Let us consider the energetic electrons spiralling down the linos of force at 
a height A, above the earth's surface (figure. 3). The magnetic line of force it\ this 
region makes on angle {D) with the vortical and the pitch angle of the oioctrons at 
height (ft) is assumed to be oc. Due to the largo amplitude {AB) hydromagnetic 
wave, the tubes of magnetic linos of force execute a simple harmonic motion and, 
consequently, the plane of tho electron helix also executes a corresponding oscil- 
lation in the vortical plane (keeping the plane of the helix perpendicular to the 
instantaneous direction of the linos of force). During half of tho cycle, when 
AB increases or decreases, the resultant direction of the line>s of force changes 
instantaneously. When tho tangent to tho geomagnetic field lino at P(iM) 
changes by an angle A (determined by the amplitude of the hydromagnetic wave 
AB) aind occupy a now position L'Jkf', the instantaneous plane of the helix 
also changes by tho same angle, so as to keep itself at an angle a to the instanta- 
neous direction. The angle between LM and L'M' is given by 

AB 


tan jS = 


(8) 
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where B is the steady earth’s magnetic field and LB is the amplitude of the hydro- 
magnetic disturbance. The total angle made by the plane of the electron helix 
with the vertical during the severe magnetic storm is 

A = 90-(2>+ji+a). (9) 

From figure 3, we see that the r€idiation from an electron overhead at a height 
(ft) will be received at a minimum distance 

Sd == A cot (19) 

during quiet conditions ^ = 0, so the distance 

Sq=^h cot (X>+a) (11) 

This distance Sq is south of the over-head radiating electron. During the magne- 
tic disturbance, lines of force execute transverse vibration, and the plane of vibra- 
tion is complicated and nothing is known with certainty. However, assuming the 



Figure 3. Qeometry for the reception of synchrotron radiation in the auroral 
Bone ionosphere. 
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tranflversa vibration in tbo vertical plane, the distance Sd is always directed south 
of the over-head radiating electrons. This simple consideration shows that the 
synchrotron radiations in the auroral zone is most of the time arriving at the 
receiving site from north. This is consistent with the observations of Egan and 
l^teraon (1960) at Stanford and Howor and Hunlap (1966) at Washington. 


7. Polarisatioii of synchrotron radiation 

Schwinger (1949) made a comprehittxsiYo Study of synchrotron radiation from 
an accelerated charged particle and showed that the synchrotron signal is un- 
polarized. Usmg the field vector, wWch was not taken into account by Schwinger. 
Westfold (1959) reformulated the problem and showed that the synchrotron signal 
is elliptioally polarized. The axe>s of polarization ellipse are parallel and per- 
pendicular to the projection of the eixternal magTietic field into the plane normal 
to the direction of observation. The axial ratio of the polarization ellipse can 
be written as (Wostfold 1969) 


.R ~ i 


y(oc-0) 




whore y = Ej(mc^), oc == pitch angle, and 6 is the angle between the magnetic 
field and observation direction. modified Bi>ssol function of 

Second kind and are always positive. Therefore, the axial ratio R is positive or 
negative according to a ^ Whon B is positive, the sense of rotation of the 
ellipse is right-handed (extraordinary wave), otherwise left-handed (ordinary wave). 
Tlio axial ratio variation with 0 for different values of pitch angle has been shown 
in figure (4). From the figure it is soon that the axial ratio increases as 0 inoroasos, 
and becomes infinite at ^ = a and after that changes its direction. It may also 
be noted that the axial ratio is always greater than one showing that the magnitude 
of the power radiated in extraordinary mode is always greater than or equal to 
power radiated in the ordinary mode. When a < 6^, the power radiated in the ordi- 
nary mode becomes appreciably largo and the sense of polarization is reversed. 
Also, an increase in oc loads to decrease in axial ratio, which shows that as oc in- 
crease the distribution of power between the two modes becomes closer to each 
other. Now in the case of oc = 0, the axial ratio becomes infinite, showing that the 
synchrotron signal is linearly polarized in a plane perpendicular to the magnetic 
field direction. 

The degrees of polarization for the radiated signal is defined as the ratio of 
the difference of power radiated in two polarized directions to the sum of powers 

6 
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radiated in two polarized directions. Using eq. (5), the degree of polarization is 
given as 


P^+Pxx ~ 


»(///<?) 

f 

"f. 


(13) 



Figure 4. Variation of polarization (axial ratio) with 0 (angle between magnetic 
field and the direction of observation) for different pitch angles {a 30"» 
60% 00%. E = 1 MeV; fn = 100 kHz, and / = 100 kHz. 


Using oq. (13), we have studied the variation of degree of polarization with 
frequency for different electron energy. The magnetic field has been fixed ^0.04 
gauss (Zr = 2, ^ = 0°). From the figure 5, it is soon that, as the frequency goes on 
increasing, the degree of polarization increasoa for fixed ekxjtron energy and mag- 
netic field. The increase in electron energy decreases the degree of polarization. 
Similar effect is also obtained by varying magnetic field. This shows that the 
effect of electron energy and magnetic field ia additive. Using oq. (13) and 
figure 5 it is easily seen that the power radiated in extraordinary mode increases 
with frequency, whereas in ordinary mode decreases (keeping other parameters 
fixed). Also, it is aeon that as energy increases, the phenomena shifra toward 
higher frequency aide, showing that low frequency waves can be generated by low 
energy electrons even in synchrotron process. 
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The synchrotron radiation is strongly linoarly polarized in the orbital plane. 
When such a signal passes through the ionosphere, its polarization is changed 
because of Faraday rotation. Thus, measuring the change in polarization of the 
synchrotron radiation, the electron content of the ionosphere is dotermined with 



Fig^nre 5. Variation of polarization degree with frequency for different electron 
energies (E = 0.1, 1.0, 2.0 and 10.0 MeV), a « 60®, fa « 300 kHz. 


precision (Peterson and However, 1966). Also, becasuse of its strongly polarized 
nature, it is possible to measure separately synchrotron signal in the presence of 
background galactic noise (randomly polarized), even when the amplitude of the 
two is of the same order of magnitude. Tlio present study of polarization of 
synchrotron signal is the case of single electron phenomena. The polarization 
of the signal, to bo received at the ground or by the satellite, will depend on the 
energy spectra and pitch angle distribution of tho electron. Further study 
including these effects should bo made. 

8. Gondiitfioiis 

The four basic processes of electromagnetic wave generation, using the con- 
cept of single-particle radiation, has been worked out and it has boon shown that 
different processes are operative in different energy ranges of radiating electrons, 
and also in different emitted frequency ranges. The polar diagram of cyclotron, 
doppler-shifted cyclotron and Cerenkov processes help tho .signal reception at 
the base of geomagnetic lines of force. Therefore, it is possible to make obser- 
vations from low latitudes to high latitudes. To explain, the observed VLF 
intensity received at the ground, the total radiated power from the whole volume 
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of the radiating region ia calculated. This is expressed as Pjp = J Pjdv^ where 
Pr is the power radiated in unit volume and dv is the small voltune element. If 
one considers the geomagnetic tubes of force of base area, then Pt =5 J Pfdr, 
whore dr is the incremental length of linos of force. Generally, in magnetosphere, it 
is assumed that Pr, radiated power in the auroral zone, is propagating along the 
lines of force. Tliereforo, Pf may be assumed to bo uniform in the geomagnetic 
tube, which give Pt = Pf.i*,? is the length of geomagnetic linos of force in meter. 
This method of evaluation of total power and comparison with observation relies 
upon many gross assumptions. BjU (1968) calculated the Cerenkov radiated 
power from artificially injected electron beams and showed that after assuming 
partial correlation, the power radiated increases by orders of magnitude and, there- 
fore, it is possible to measure the generated waves by means of rockets or satolUtoS, 
a conclusion which was somewhat questioned by Eccheto and Gendring (1970). 

The radiation from the tost charge particle and its multiplication with the 
number of charged particles gives a fairly good estimate of the radiated power 
in the tinous, cold and collisionloss magnotoplasma. However, there are times 
when the streaming charged particles form a partially correlated fluctuation. 
Under those conditions the streaming electron beam can be thought to consist of 
various sections radiating more or loss cohoronily. The simple formulation in 
such a case has to account for the plasma current and field constituted by col- 
lective olootrona obeying certain favoured distribution. The collective electron 
beam ia supposed to have a velocity distribution characteristics of Cerenkov 
mode which we denote by a function /(v^i). The current density constituted by 
the electrons streaming along the static magnetic field ia written as 

J(r, 0 = e J v^S(v^^d{z--v^^t)dv^ (1) 

Fourier transforming the electric cuncmt and carrying out integration over 
dt we obtain : 


J(wy k) 







dz 


( 2 ) 


*The following ooroection to oar previous papers should be made : 

1. Study of Cerenkov radistion from electrons in the magnetosphere and 
ionosphere-lI-Ann. Gaophys, 1969 25, 629 pages 636 lines 26-30 : the line 
should be read as’* the total Cerenkov radiated power htorm tho whole tube 
of force which can be received on the ground is (10“**x 10* x 10* ») 10“*^ W. 

Jorgensen (1966) has reported that, for low altitudes, the YLF 
radiated power is 19“^* W. 

2. Study of dopplor-sbifted cyclotron radiation from energetic electrons in 
the magnetosphere-III. Ann. Oeophys, 196925, 639. Page 644, lines 9 — 10, 
L»»3. wh3re orosi^-seotional area on the ground is 1 zn is found to be (6 x 10"*® 
k 10® X 10® «) 6 X 10"« W. m. 



Ele^romagnetic wave generation 


45 


ttiu) 


®(". ^ * O) 

We use the same notations as were used by McKenzie (1967). The rate of 
energy loss by the stream of eleotrons is thus defined as 

dW 

(4) 

Substituting for J and ^ in eq. (4) and carrying out Z and k inte- 
grations, we obtain an oxprosf»ion for the power readiatod by a stream of electrons 
per unit path length in a small froq^tonoy range. Wo denote this by P,. 

P, = J (oi, ^xi)Viip{Pii)dvii (5) 

whore Pi'((o, is the power radiated by an electron per unit path length in a 
small frequency range, and i specifies the direction of Cerenkov radiation cone. 

Pi'(w,Vxx)^EFi^(Q) ( 6 ) 

where 


Now, differentiating eq. (6), we rewrite 
iPm 

= P<'(a>, Vii)t;n/2(Vu) 

Therefore, we find that the individual electron power should be multiplied 
by the square of the distriution function. This is consistent with the arguments 
of Panofsky and Phillips (1962), who have argued that electron beams radiate 
coherently and the radiated power is proportional to rather than N . Recently, 
Yip (1970) has also argued that the electrons in the stream radiate coherently. 

The polar diagram of synchrotron radiation shows that the equatorial radiated 
power can be received on the equator (Singh and Singh 1968). We have shown 
that radiofrequency waves could also be recmved on the ground in the auroral 
region and corresponding geometry has been drawn. Of course, for the radio- 
frequency wave generation by synchrotron process, one needs hi^ energy elec- 
trons. In the magnetoaphere, high energy electrons are few in number. But 
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tbo proposed study may bo very much useful in the case of artificial injection of 
relativistic electron beams. The artificial injection of low energy electron beam 
has boon studied by Bell (1968), Efcchoto and Gendrin (1970), Mead el al (1969). 
To explain the experimental observations made at College, Alaska, Wang and 
Kim (1970) have calculated synchrotron radiated power from auroral electrons of 
30 KeV energy range and claim tliat their results are in good agreement with the 
exjHjrimental observations. 

In the calculation of single particle radiation, one assumes that the parallel 
and perpendicular components of the particle velocity are constant. But, for 
the most part of the observed natural phenomana, in this frequency range, the 
velocity components are continuously changing during the phenomena. To 
take account of this, one has to consider the distribution of particles in energy 
and pitch angle and one ha to take account of collective behaviour of the particles. 
Tile study of collective behaviour of the particle includes the study of linear and 
quasi-linear theory of wave-particle interaction. The role played by collective 
phenomena, in these processes, may bo studied using the concept of amplification 
coeffijients for the waves and diffusion coeffinonts for the particles. But the 
resonance condition which is used in the formulation of collootivo phenomena is 
the same as the radiation condition, in the individual partifdo radiation process. 
Therefore, the basic condition of the two approa ;h,es, namely individual particle 
and collootivo particle, is the same. One can use the single particle approach 
to study the phenomena in the first approximation, but to imdudo the details 
of the time development of the phonomona, on has to use the collective approach 
Therefoie, the present study is justified in the first ai)proxiination. To complete 
the present study, wo are studying the ph.onomona, using collective approach. 
The results will be presented in a forthcoming letter. 

Apart from those basic processes discussed in this paper, there could be other 
processes which might complete in certain frequency regions. Two other competing 
candidates could bo bromsstralilung radiation in the high frequency region and the 
plasma oscillation and conversion into electromagnetic waves. The former process 
is a potential source of VHF and microwave radiation. The possibility of high 
frequency radiation by the conversion of plasma oscillation in the ionosphere has 
been discussed by 'Angelo (1970). However, the selection of cross-conversion 
coefficient seems to play a decisive role in ascertaining the role of this process Md 
this has been chosen arbitrarily. Although the contribution of such a mechanism 
is likely to supplement the basic processes discussed in this paper. 
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Amplitude modulation in cosmic-ray and Kp-index 
27-day variations 
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Abstract. The 27-day amplitudes of cosmic-rays, planetary geom gnetic 
iiTj^-index, and relative sunsport numbers have boon studied for the 1966-1969 
period. The amplitude modulation for these parameters is found to be 
characterized by two basic periodicities of 130 8 and 320J::46 days. The 
signidcanco of those periodicities is discussed and their interaction with the 
main 27 -days one and its second harmonic is investigated in relevance to 
additional periodic variations observed in cosmic ray intensity and geomagnetic 
activity. 

1. Introductioii 

Several investigations have shown that periodicities other than the well known 
27- and 13*5 day ones exist in the ranges 23-21 and 9-4 days for both cosmic 
rays and geomagnetic activity (Dorman and Shatashivili 1961, Shapiro and Ward 
1966, Patel and Chasson 1968, ^Dyring et al 1970). A study by Abdel-Wahab 
and Goned (1974) of the additional periodicities of 9-4 days in JT^-index has 
shown that they relate to variations in the interplanetary magnetic field structure 
which modulate the geomagnetic activity during years of minimum and decreas- 
ing phases of solar activity. However, the additional periodicities reported for 
periods of increasing and maximum phases are not yet thoroughly analysed *for 
both cosmic rays and geomagnetic activity. 

In the present work, a study is made of the 27-day amplitude modulation 
(AM) in cosmic rays, geomagnetic and solar activities through the 1966—1969 
period of increasing phase of solar activity. The oim of the study is to relate 
the additional periodicities to few fundamental frequencies which modulate the 
27-day amplitudes and to investigate the relatiomhip with solar sources affecting 
interplanetary magnetic field conditions. The data ustd are the mean daily 
cosmic-ray intensity (CR) recorded at Deep River and the daily sums of Aj^-index, 
while the solar activity is represented by the daily values of Zurich sunspot 
numbers (RSN). 

2. Method of Data Analysis 

The day-to-day amplitudes and phases of the 27-day periodicity have been 
oxtraoted applying the method of complex demodulation (see Abies qI 1965» 
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Goned and Wahab 1973). Briefly, the method consists of shifting the input time 
series by a frequency ay = 1/27 cpd and then applping a low-pass filter to pro- 
duce an output series c(f, eo). The filter used was designed according to the 
method given by Behannon and Ness (1966). The amplitudes and phases are 
then calculated from the relations 


^* 7(0 = 2 I c(t, to) I 
^27(0 = -arg[c(f, to)]. 


( 1 ) 


Power spectra are then calculated for the amplitudes using a Hanning window 
to eliminate side lobes in the spectral density p(f) around frequency / as much 
as possible. For such spectra, the frequency resolution is fMAT, where M is 
the chosen maximum lag and AT is the sampling time interval. 


3. Power Spectra of 27«day Amplitudes 

Figure 1 presents the power spectra of the amplitudes A 27(0 for the different 
concerned parameters, for frequencies up to 1/100 cpd. Beyond this frequency, 
the power drops considerably and no significant peaks are revealed. The 0*7 
and 0‘3 probability limits (dotted lines) of obtaining power spectral density p(f) 
at tho used resolution have been calculated following the method of Martinic 
ei al (1971). 

Besido the characteristic long trend densities, the important conclusions 
that can be drawn from Figure 1 are : 

(a) Peaks at 366 and 275 days show for the amplitudes of £^p-index and 
CR, respectively. Since those periodicities are most probably the 
result of the same mechanism and because they differ by only one lag 
number, the mean of their periods has been calculated as 320±46 days« 

* No similar peak is observed in RSN. 

(b) For all parameters, a broad peak covering the range 122-136 days with 
mean at 130 ±8 days is revealed. 

The existence of the latter period in the amplitudes of RSN indicates that 
the respensible mechanism is the variation in density of active sources on the 
solar disk. The former periodicity is abscent from RSN and is thus produced 
by a different mechanism, possibly the variability of modulating source strength 
or the annual modulation due to earth’s rotation. 


4. The interaction between Modulation and 27-day frequencies 

To interpret the observed features of 27-day variation and its AM in the different 
parameters, a phenomenological approach may be based on the idea of an inter- 
action between the main 27-day frequency and some other fundamental £re 
quenoies which are independent of the solar rotation. We therefore assume 
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thflrt thoro exists an ideal active region located on the solar disk that is capable 
of modulating the cosmic ray primaries by a frequency wi, equal to 1/27 cpd 
and characterized bp, 

a) A variable density on the solar disk which is periodic by a frequency 

b) A source activity varying with frequency a>8. 

c) All 11-year variation with frequency 



Figure 1 
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Accordingly, the observed cosmic-ray (or jK’p-index) 27-day amplitude may 
be represented as : 

A = Ao[l+acos(a)2*+02)+/?cos(tt>8^+^3)+ 

+7 cos(a>ii^+?^u)]<^os(e^i^+?5i) (2) 

where the ^’s are phases and Aq, a, fi and y are coefficients corresponding to the 
different processes. 

The above representation predicts six additional frequencies. With con- 
tributions smaller than the main 27-day one in CR- and -parameters. Since- 
the 11-year variation has a frequency negligible compared to a>i, then within 
power spectral resolution only four side-band frequencies would bo observable 
in CR and Kp-indox power spectra. The 27-day amplitude in RSN responds 
only to the variable persistence of active regions on the solar disk and only two 
additional frequencies are expected to appear in its spectrum. 

5- Comparison of Predictions with Observations 

The detected periodicities for the AM of the 27-day variation with lengths 130±8 
and 320 ±46 days have been taken to correspond to the frequencies wi and coj 
in expression (2), respectively. The additional periodicities predicted in the 
spectra of CR and iTp-index are given in table 1. The given limits correspond 
to the errors in cdi, cog and cog. 

Table 1. Feriodioities Predicted in CR and -index speotnim. 


Frequency 

(cpd) 

-Pi 

Fa 

Fo 

Fa 

F. 

00293 

00339 

00370 

00402 

00447 

Period (days) 

3413±2 

29*50J:l-6 

27-Odzl 

24-88±l 

22-37 ±1 


In order to check the present predictions, power spectra have been cylculated 
for the raw data of CR and K -index for two periods, namely 1967-1968 and 
1968-1969, the division being for the purpose of chocking the stationarity of the 
investigated periodicities over the whole increasing phase of solar activity. The 
obtained spectra are given in figures (2a, b^) for the frequency range 0'014 to 
I'O cpd. The 27- and 13*5-day peaks as well as some additional ones are seen 
to be common to both CR and A^p-index spectra and to persist in both investi- 
gated periods. Of particular interest in the calculated spectra are the two peaks 
around the 27-day one marked fi and The periodic lengths corresponding 
to these two peaks are iven in table 2. 

Comparison of tables 1 and 2 shows that in general the observed peaks fi 
and/4 correspond, within power spectral resolution, to the predicted pericdicities 
and A4, resp3ctivoly. Such agreement between predictions and observations 
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T^le 2. Periodic lengths (days) for 
index speotry (figure 2). 


peaks fi and /* observed in C-B and K^~ 



O J 

0.7 

Po= 0. 3 
P«= O. 7 

>^= 0.3 

V0.7 


1/279 1/122 
PREQUENCX(Cpd) 
Ftgiire 2. 
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may be taken as an evidence for the persistence of the 130±8 day modulating 
periodicity. This is in agreement with the work of Dorman (1963) according 
to which corpuscular streams originating from dense sunspot zones can persist 
for several solar rotations. 

Inspite of the significant contribution of to the AM of the concerned 
parameters, the resulting periodicities and were not observed in the spectra 
of figure (2). This could bo due to the limitations imposed by the frequency 
resolution. Further investigation of this point has been done by calculating the 
spectra for the whole period 1965-1969, thus increasing the frequency resolution. 
Some ekidence for the resolving of the peaks F^ and F^ has been obtained from 
this analysis, indicating the necessity of long data periods (5 years or more) for 
their proper identification. 

With regard to the relative contribution of the frequency to CR 27-day 
variation, this was calculated by taking the mean power density of fi and to 
be proportional to (aAo/2)*. The resulting value of a is 1*14, i.e. the amplitude 
of W 2 is 57% of the 27-day amplitude. 

It should be noted that an AM in the 13*5 period similar to that of the 27- 
day one is expected on the basis of the present approach. In fact, some indica- 
tion as to the presence of side lobes around the 13*5-day peak in the range 
12*6-15*6 days is present as shown in figure (2). Quantitative analysis of these 
peaks will be given in a later publication. 

6. Gonclusions 

The present analysis of the periodic variations additional to the 27- and 13-6 day 
periodicities in cosmic ray intensity and geomagnetic and solar activity para- 
meters shows that they could be related to three fundamental periodic solar 
phenomena. These are concerned with a variable density of active spots on the 
solar disk with a period of 130±8 days, a variable activity of spots with a period 
of 320±46 days, i.e., a possible annual variation, together with the well known 
11 -year variation of solar activity. The possible interaction of these modulating 
frequencies with the 27- and 13*6-day main periodicities is reflected on the inten- 
sity of corpuscular streams constituting the solar wind, thus producing the 
observed modulation. Such mechanism is capable of interpretting additional 
periodicities in the ranges 34-22 days and 16*6-12*6 days in cosmic ray and 
JSr^-index spectra. 
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Abstract. A high resolution spectrum of the A—X system of aluminium mono- 
chloride molecule has been obtained in the third order of a 10.6 meter concave 
gratings peotrograph (reciprocal dispersion 0.22 A /mm). The R and Q heads due 
to both the isotopic molecules AlCP® and AlCl®*^ could be detected and measured 
precisely. Some new bands belonging to the A v — — 6, ~ 7, and — 8 sequences 
have been observed. The vibrational analysis for both the isotopic molecules 
haa been carried out. It is found that the present constants for the lower state 
are in very good agreement with the constants reported by Wyse and Gordy 
(1972) from the analysis of the microwavo spectrum. The vibrational constants 
for the excited state have been modified as compared to the values reported 
earlier. 


1. Introductioii 

The spectrum of aluminium monochlorido moloculo lias boon a subject of study 
by Several workers (Jovons 1913, 1924, MaJ\anti 1934, Bhaduri & Fowler 1934, 
Mischor 1936, Holst 1935, Chaudnury & Upadhya 1968, Wyso & Gordy 1972). 
The higlx resolution studies of the A-X system of this molecule reported earlier 
by Holst (1935) and by Chaudhury & Upadhya (1968)2 have been shown to be 
in error. This prompted us to rephotograph this spectrum and reanalyse the 
rotational structuce (Ram Samujh Ram et al 1977). During this study we 
observed that R and Q heads for both the isotopic molecules are well resolved 
in our spectrum. On comparison with the earlier studios of the vibrational 
analysis it was found that for some of the bands the earlier measurements are 
inaccurate and in many bands the isotopic heads are not observed. In addition 
several new bands belonging to the At? = —0, —7 and —8 sequences wore detected 
on our plates. In some bands a part of the rotational structure is overlapped 
to such an extent that it appears almost as a broad patch with no discernible 
features. These were not reported by previous workers. Therefore we re- 
analyaod the vibrational structure of these bands using the high resolutions 
measurement of the Q heads, for both the isotopic molecules. Since a large 
number of bands have been observed, least square prooeduce could be used to 
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determine the precise vibrational constants e.g. tog, o»^«, <a,yg and ct>^. Our 
lower state oonatants agree very well with the microwave constants reported by 
Wyse & Gordy (1972), resulting in appreciable differences between the oonatants 
for the excited state determined by us and the previously reported values. These 
new constants reproduce the obaei’vad wave numbers with an accuracy of 
± 0*1 om""^. The details of the experimental procedure have already been given 
in our previous paper (Ram Samujh Rffcm et al 1977). 

2. Study of the plates 

The structure conai»sta of both red and violet degraded bands. A few head- 
less bands are also seen. It is difficuit to mark the exact position of heads in 
the regions where there is reversal of dxading. 

Thin system is well established to be duo to a transition and the struc- 

ture will have two heads one B or P head and the other Q head. The Q head 
will lie very close to the origin. We have used natural AICI 3 in which chlorine 
has two isotopes and ®'^C1 with their pcffcontage abundances as 76-0% and 
24*4% respectively. Therefore, both the isotopic molecules A1®*C1 and Al®’01 
are expected to contribute to the spectrum. Now if both the isotopes are con- 
tributing to the spectrum, the number of heads in the structure should be four. 
In fact our high resolution spectruTu show^s the presence of four heads in moat 
of the bands in the stru(;ture which could be easily marked in the spectrogram 
(see the figurel). In thi^ ( 0 - 0 ) band in whicli tlie vibrational isotopic shift will 
be minimum there are only two heads. The relative intensity of the B and the 
Q heads shows wide fluctuations. The Q head which will always be close to 
the origin appears to be the more intense one in the region where there is reversal 
of shading. In other regions the B head is more intense. The intensity of the 
isotopic head is almost one tlxird of the intensity of the main head and there is 
no trouble in identifying it. 

Vibrational Analysis and Isotopic Shift 

The sequence stmeiure is quite well developed and the vibrational analysis 
can be carried out in a straiglit forward manner. Since the position of the band 
origins could not be marked for all the observed bands while the Q head could 
bo identified and measured accurately, we have used these for the vibrational 
analysis. The previous analyses have been made using the B heads measured 
from low resolution spectrogram in which the Q heads were not clearly resolved 
for all the bands. 

The vibrational quantum assignment has been made in the usual way. 
The frequency of a transition can be given as 


( 1 ) 
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whoro 

0{v) = (2) 

whore the different torma have their usual meanings. In order to determine 
the vibrational constants, the bands were arranged in the Deslandrea scheme 
from which A^?(r+i) values for different v- values become known. These 
AC?(«^+J) values wore used in a least squares procedure to determine the vibra- 
tional constants making use of the following equation 

A^(w+i) = tVe — J)-l-l]+2i;uye[3(v+ 

+w^l2(v+^)+l][2(v+^r^^^ (3) 

This equation can bo represented in a simple form as 

= We—AWeXe+Bweye + CWeZe- (4) 

This equation (4) is solved by the least squares procedure for Wey WeXe, Weye and w^e 
using the various A6? values obtained from our experimental measurements. We 
find that for Als*Cl, 

AG(v'+l) = 453*807-4-7p3^-0-266JB+0-003C (6) 

and 

Aa(v"+J) = 481-337-2-07J+0*0057.B+... (6) 

For Al^’CI, 

^0(v'+i) = 448-43-~4*64^~0-243£+0-0092(7 (7) 

and 

A(?(v"+i) = 475*33-1-98^+0-0037 jB4-... (8) 

The molecular constants, thus obtained for both the states in both the molecules 
are given in Table 2. 


Table 1. 



Head 

Mahanti 

(A) 

Bhaduri 

and 

Fowler 

(A) 

Present 

Isotopic Shift 



obs. 

(om“^) 

calc. 

(om-^) 

(A) 

(om~^) 

2.0 

B 

2555*44 

2555*46 

2665*60 

39119*66 



♦ 

B^ 


2556*07 

2556*12 

39110*07 

9*48 



Q 

2556*35 

2556*28 

2556*25 

39108*08 


9*72 


0* 


2556*87 

2556*85 

39098*76 

9*33 


3.1 

B 

2669-S7 

2559*60 

2559*56 

39067*60 



* 

i?* 


2560*16 

2560*10 

39049*28 

8*22 



Q 

2660-34 

2560*16 

2660*10 

39049*28 


8*62 


0* 


2560*75 

2560*68 

39040*42 

8*86 


4.2 

B 

2664-36 

2664*27 

2564*22 

38986*63 



* 

U* 


2664*74 

2564*72 

38978*93 

7*60 



Q 

2664-82 

2564*76 

2564*72 

38978*93 


7*26 


C‘ 


2566*27 

2565*21 

38971*48 

7*45 
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v', vT 

Head 

Mahanti 

(A) 

Bhaduri 

and 

Fowler 

(A) 

Present 

Isotopic Shift 

(A) 

(cm~^) 

obs. 

(cm“^) 

oalo. 

(om“^) 

5»3 

B. 

2669*78 

2569*63 

2669*69 

38905*06 



♦ 

22* 


2670*02 

2569*96 

38899*56 

6*50 



Q 

2670*03 

2670*02 

2569*96 

38899*56 


6*27 




2670*40 

2670*32 

38894*16 

6*40 


6,4 

22 


2575*74 

2576*64 

38813*68 



♦ 

22* 



2576*88 

38810*06 

3*62 

3*48 

1.0 

22 

2582*76 

2683*01 

2582*91 

38704*44 



* 

22* 


2583*37 

2583*27 

38699*05 

5*39 



Q 

2684*47 









2684*70 




» Ol7 

2,1 

22 

2686*56 

2586*72 

2586*67 

38648*18 



« 

22* 


2586*98 

2586*91 

38644*60 

3*58 



<2 

2687*77 

2587*88 

2587*80 

38631*31 


4*11 

3,2 

22 

2690*71 

2590*81 

2590*87 

38585*63 




22* 


2591*02 

2591*01 

38582*60 

3*03 



0 

2591*55 

2691*64 

2591*60 

38674*66 


3*11 

4.3 

22 

2696*35 

2695*42 

2605*44 

38517*66 




22* 


2696*62 

2695*64 

38616*11 

1*56 



<2 

2696*00 

2596*04 

2596*06 

38508*53 


1*64 

6,4 

22 

2600*68 

2600*67 

2600*68 

38440*02 




Q 

2601*06 

2601*14 

2601*14 

38433*20 


0*21 

6,5 

22 

2606*54 

2606*68 

2606*66 

38351*81 




« 

2606*92 

2607*06 

2607*05 

38346*08 


-1*75 

0,0 

22 

2611*02 

2610*22 

2610*23 

38299*42 




<2 

2614*03 

2614*44 

2614*48 

38237*05 


-0*17 

1.1 

22* 



2614*62 

38236*36 

—0*74 



22 

2614*60 

2614-44 

2614*66 

38234*62 


-0*71 


<2* 



2616*84 

38202*63 

-0*73 



<2 

2616*80 

2616*77 

2616*89 

38201*90 



2,2 

22* 



2618*09 

38184*39 

-1*39 



22 

2618*15 

2618*10 

2618*18 

38183*00 


-1*40 


<2* 


2619*89 

2619*85 

38168*74 

-1*42 



<2 

2619*80 

2619*98 

2619*94 

38157*32 



3,3 

22* 


2622*24 

2622*20 

38124*54 

-2*32 



22 

2022*15 

2622*40 

2622*36 

38122*22 


[-2*32 


0* 


2623*41 

2623*37 

38107*64 

-2*34 



e 

2623*39 

2623*64 

2623*63 

38106*20 



4,4 

22* 

2626*66 

2626*74 

2626*71 

38069*01 

-3*68 



22 

2626*92 

2627*00 

2627*03 

38056*43 


-3*61 


0* 


2627*66 

2627*64 

38047*11 

-3*43 



0 

2627*74 

2627*82 

2627*77 

38043*68 
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Head Mahanti 


Bhaduri 

and 

Fowler 

(i) 


Present 




Isotopic Shift 




2031-74 

2631*83 

2631-80 

37985-48 

2632-11 

2632-19 

2632-16 

37980-40 


2632-46 

2632-37 

37977-26 

2632-70 

2632-80 

2632-72 

37972-18 

2637-64 

2637-69 

2637-60 

37902-03 

2638-01 

2638-10 

2638-08 

37895-06 


2638-10 

2638-01 

37896*07 

2638-46 

2638-66 

2638-50 

37889-59 

2644-23 

2644-22 

2644-23 

37806-93 

2644*85 

2644-92 

2644-87 

37797-78 



2644*58 

37801-93 

2646-18 

2645-26 

2646*22 

37792-76 

2651-91 


2661-94 

37697*02 

2662-76 


2662-78 

37685-12 

2663-00 





2647-08 

2647*08 

37766-23 


2647-60 

2647*52 

37759-94 


2649-30 

2649*35 

37733-87 


2649-73 

2649-76 

37727-81 

2653-68 

2653-68 

2663-62 

37673-16 

2654-14 

2664-21 

2654*16 

37665-51 

2656-34 

2655-54 

2665-40 

37647-91 

2655-89 

2656-03 

2655-96 

37640*16 

2668-16 

2658-31 

2668-24 

37607-69 

2668-80 

2658-92 

2668-86 

37699-00 

2659-42 

2659-46 

2669*37 

37691-71 

2660-03 

2660-06 

2659-98 

37683-07 

2663-26 

2663-36 

2663-31 

37636-10 

2664-00 

2664*08 

2664-03 

37626-91 


2664-08 

2664-07 

37626-40 

2664-76 

2664*84 

2664-77 

37615*60 

2668-97 

2669-10 

2669-05 

37465-38 

2669*81 

2669-93 

2669-90 

37443-41 



2669-68 

37447*94 

2670-40 

2670*47 

2670-42 

37436.04 

2675-68 

2676-70 

2676-63 

37363-27 

2676-02 

2676-13 

3676-02 

37367-83 

2676-68 

2676-71 

2676-66 

37349*09 

2677-00 

2677-12 

2677-02 

37343-82 


2680-29 

2680-31 

37298-04 


2681-10 

2681*13 

37286-68 


2682-26 

2682-33 

37270-23 


2683-11 

2683*16 

37268-66 
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v\ 

Head 

Me^anti 

(A) 

Bhaduri 

and 

Fowler 

(A) 

Present 

Isotopic Shift 



obs« 

(cm~^) 

oalo. 

(om"^) 

(A) 

(cin“^) 

2,4 

0* 


2684-82 

2684-83 

37235*28 

-12*41 



Q 


2686*68 

2686-72 

37222*87 


-12*41 

S,5 

R 



2686-08 

37217*92 




0* 



2687-93 

37192*31 

-12*78 



Q 



2688-86 

37179*63 


-12*89 

4,6 

iJ* 

269002 

2690*13 

2690-07 

37162*72 

-13*86 



R 

2691*04 

2691*12 

2691-07 

37148*87 


-13*90 


<3* 

2691*68 

2691*80 

2691-74 

37139*68 

— 13*86 



4 

2692*68 

2692*80 

2692-74 

37126*83 



6,7 

R^ 

2695*19 

2696*31 

2696-11 

37093*23 

-16*13 



R 

2696*30 

2696*39 

2696-21 

37078*10 


-16*23 


4‘ 


2696-39 

2696-21 

37078*10 

-16*14 



c;> 

2697*34 

2697*43 

2697-31 

37062*96 



6,8 

i2* 

2700*93 

2701*04 

2700*97 

37012*76 

-16*88 



O' 

2701*60 

2701*70 

2701*64 

37003*68 

-16*96 

-16*92 


R 

2702*16 

2702*26 

2702*20 

36995*88 




Q 

2702*82 

2702*94 

2702*88 

36986-62 



7,9 


2707*47 

2707*66 

2707*60 

36923*49 

— 19*08 



e‘ 

2707*92 

2707*97 

2707*93 

36917*63 

-18*96 

-19*02 


R 

2708*84 

2708*96 

2708*90 

36904*41 




Q 

2709*32 

2709*41 

2709*32 

36899*08 



8, 10 


2716*02 

2715*11 

2716*08 

36820*42 

-21*68 



0* 

2716*38 


3715*40 

36816*08 

-21*56 

-21*68 


R 

2716*60 

2716*73 

3716*68 

36798*74 




Q 

2716*96 

2717*10 

2716*99 

36794*63 



9, 11 

iJ* 

2723*90 


2723*94 

36700*66 

-24*62 



R 

2726*68 

2625*83 

2725*77 

36676*04 


-24*63 


Q* 



2724*19 

36697*29 

-24*63 



Q 

2725*98 

2726*06 

2726*02 

36672*66 



10, 12 

i? 



2736*66 

36531*39 







2728*78 

36628*48 


—28*24 

4. 7 

JB* 



2723*20 

36710*63 

-18*86 



jB 



2724*60 

36691*77 


— 18*96 


Q* 

2724*64 


2724*60 

36691*77 

-19*11 



Q 

2726*98 


2726*02 

36672*66 



5,8 


2727*42 

2727*57 

2727*48 

36653*03 

-20*14 



R 

2728*93 

2729*07 

2728*98 

36632*89 


-20*19 




2729*07 

2728*98 

36632*89 

-20*13 



Q 

2730*42 

2730*68 

2730*48 

36612*76 



6, 0 

R^ 

2733*30 

2733*43 

2733*33 

36674*58 

-21*79 



Qi 

2734*21 

2734*36 

2734*20 

36662*95 

—21*61 

-21*79 


R 

2734*91 

2736*01 

2734*96 

36662*79 




Q 

2736*82 

2735*92 

2736*81 

36641*34 
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Present 


Isotopic Shift 


v', v" 

Head 

Mahanti 

(A) 

and 

Fowler 

(A) 



obs. 

calc. 

(cm~^) 

(A) 

(cm"^) 

7, 10 

jR* 

2739-77 

3739-90 

2739-86 

36487-42 

-23-78 



Q‘ 

2740-47 


2740-42 

36480-00 

-23-77 

-23-80 


u 

2741-56 

2741-69 

2741-65 

36463-64 




Q 

2742-25 

2742-28 

2742-20 

36466-25 



8, 11 


2747-27 

2747-42 

2747-36 

36387-82 

—26*30 



«• 

2747-97 


2748-04 

36383-05 

-26-83 

-26-27 


B 

2749-26 

2749-45 

2749-36 

36361-52 




Q 

2749-76 

2749-83 

2749-71 

36356-72 



9, 12 

/e* 

2766-10 

2756-31 

2756-21 

36271-06 

— 29-19 



B 

2758-35 

2758-49 

2758-43 

36241-86 


-29-23 


<2* 



2756-38 

36268-75 

-29-19 



Q 

2768-66 

2758-66 

2768-60 

36239-56 



10, 13 




2766-67 

36133-88 

-33-00 



B 



2769-20 

36100-88 


—32-76 


Q 



2769-30 

36099*57 



5,9 

B* 



2760-30 

36217-20 

—26-09 



B 


2762-34 

2762-29 

36192-16 


-25-07 


Q‘ 


2762-34 

2762-29 

36192-16 

-26-12 



Q 


2764-21 

276413 

36167-04 



6, 10 

iJ* 


2766-17 

2766-07 

30141-70 

-26-66 



Q' 


2767-43 

2767-29 

36126-03 

—26-46 

-26-57 


B 


2768-16 

2768-11 

36115-04 




Q 


2769-33 

2769-30 

36099-57 



7,11 

B* 


2762-69 

2762-63 

36056-19 

-28-53 



Q* 


2773-42 

2773*32 

36047-19 

-28-43 

-28-49 


B 

2774-81 

2774-88 

2774-83 

36027-66 




Q 

2775-64 

2775-64 

2775-51 

36018-76 



8, 12 

jB* 


2780-21 

2780-13 

35958-93 

-30-92 






2780-54 

35953-63 

-30-77 

-30*86 


B 

2782-37 

2782-57 

2782-52 

35928-01 




Q 


2783-10 

2782-93 

35922-86 



9, 13 

B^ 


2789-14 

2788-93 

35845*47 

-33-63 



0* 



2789-20 

35842-00 

-33-60 

-33-73 


B 

2791-51 

2791-60 

2791-64 

35811-94 




Q 


2791-94 

2791-81 

35808-50 



10, 14 

i?* 



2799-28 

35713-00 

-38-56 



Q* 



2799-46 

36710-66 

-38-94 

-37-16 


B 



2802-30 

35674*46 




Q 



2802-52 

35671-71 



5,10 

Q 


2798-28 

2798-30 

35726-45 


-29-86 

6,11 



2799-80 






B 


2803-32 

3802-59 

35683-50 


-31*26 


Q 


2803-37 

2803-30 

35661-74 



7, 12 

i?* 


2805*92 

2805-85 

35629-33 

-33-19 





2807-08 

2806-75 

36617-90 

-33-06 

-36-08 


B 


2808-50 

2808-47 

35596-14 




Q 


2809-57 

2809-34 

35684-84 
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v\v* 

Head 

Mahanti 

(1) 

Bhaduri 

and 

Fowlor 

(A) 

Present 

Isotopic Shift 



obs. 

(cm“^) 

calc. 

(A) 


8, 13 




ii814-41 

36620-97 

-36-56 



R 



2817-23 

35485-42 


-36-37 


Q 



8816-78 

35461-08 



9, 14 

R* 



«2217 

35423-30 

-37-64 



e* 



a822-45 

36419-79 

-37-60 

-38-16 


R 



$825-16 

36386-76 




Q 



»25-45 

36382-19 



10,15 

R^ 



2832-45 

35294-74 

-43-06 






3832 63 . 

35282-60 

-43-43 

-41*48 


R 



2835-91 

36261-68 




Q 



2836-12 

36248-67 



6, 12 

Q 



2837‘81 

35228-11 


-35-86 

7, 13 

R 



2842-53 

35169-69 


-87-68 


Q 



2843-78 

35164-13 



8, 14 

<2' 



2847-78 

36104-77 

-38-68 

-39-78 


Q 



2850-92 

35066-09 



9, 16 

S' 



2856-66 

36007-89 

-43-71 


* 

«' 



286604 

36003-23 

-42-71 

-42-47 


B 



2869-23 

34964-18 




Q 



2869-53 

34960-61 



10, 16 

Q‘ 



2866-11 

34880-26 

-48-37 


* 

Q 



2870-09 

34831-89 


-46-71 

8, 15 

Q‘ 



2882-17 

34686-90 

-43-14 

-44-10 


R 



2886-14 

34660-08 




Q 



2885-76 

34642-76 



9, 16 

Q' 



2890-24 

34589-07 

-47-21 

-46-70 

<¥ 

Q 



2894-19 

34641-86 



10, 17 

Q* 



2900-13 

34471-11 

-63*75 

-49-86 

« 

Q 



2904-66 

34417-36 



9, 17 

Q' 



2924-71 

34181-43 

-61-36 

-60-86 

10, 18 

0' 



2934-80 

34063-91 

-67-33 

-63-89 


Q 



2939-76 

34006-56 




• These bands are measured from our low resolution spectrogram. 


The ve value which corresponds to the separation of the minimum of the 
potential curve of the upper state to the minimum of tho potential curve of the 
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lower state was obtained from the relation 

>'o»o = Ve+(i<t>e ^ <i)eXe'+ <OeZe+...) 

-(iwe'- -J (9) 

where vo.o is the frequency of the 0-0 band. The vibrational isotopic shift as 
calculated by the formula 

A,. = V.Z-vV.w' = {l-p)[W(«'+i)-<*>e''(e'’+^)] 

-(l-f^)[u,e'xe'(v’+lf-u,eW{v'’+m 

+(i-P^)MAv'+h^-^,''y/(v"+m+-- ( 10 ) 

whore p — V "r is tho ratio of the reduced masses of the two isotopic molecules 

and WeiWeXe, and WeVe otc. arc the molecular constants, has beim compared with 
the observed isotopic shifts in Table 1 . 


Table 2* Oonatants for tho A^X systom of AP^Ol and AP'^01 molecules 


Constants 

Bhaduri & Fowler Wyse & Gordy 

Present 


(1934) 

(1972) 


w/ 

449*96 


463-807 

WeW 

4-37 


4-763 

w/y/ 

— 0-216 


-0-264 


— 


0-003 

A13®C1 w/ 

481-30 

481-76 

481-337 


1-96 

2-07 

2-071 

y3%y% 

— 


0-0067 

WeW 

— 


— 

ve 

38264-00 


38261-617 

W/ 



448-43 

w/x^' 



4-64 

^tVe' 



-0-243 

WeW 



0-0029 



476-97 

476-331 

w/ar/ 


2-03 

1-98 




0-0037 


3e Analysis and Discussion 

The wavelengths of different bands corresponding to the two molecules as 
reported by different workers have been compared in Table 1. This clearly 
indicates that some of the earlier meaisurementa contained appreciable errors 
even as regards their positions. The marked improvement in the regularity of 
our AG(v+J) values as compared to the previous work clearly indicates the 
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superiority of our measurements. We could mark few new bands belonging to 
the A» = —6, —7 and —8 sequences which were not observed by previous 
workers. These are shown in Table 1. We have calculated the isotopic shifts 
for these bands and found that the calculated and observed isotopic shifts agree 
very well confirming our assignments. 

The molecular constants calculated in this way have boon compaied to 
previously reported values in Table 2. One can see from the table that for the 
lower state our values are in close agrwmont with the values reported by Bhaduri 
& Fowler (1934) and by Wyse & Gordy (1972). For the excited state our values 
differ appreciably from those reported by Bhaduri & Fowler (1934). We could 
also determine (a$ye and weZt for the first time. 

The calculated and observed isotopic Shift have been compared in Table 1. 
It is found that the two values are in good agrwraent. Wo have also verified 
the molecular constants for the two isotopic molecules by using tiro isotopic 
relations a»«(AF’Cl) = pa>«(Al«Cl), ft>^(,(Al*?Cl) - p'^wea^.lAFCl) etc. 
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Vibrational potential functions, exact force constants of 
F2-species, isotopic shifts and mean amplitudes of 
vibration of ortho silicates and germanates 

T S Rawat*, L Dixit**, B B Raizada, B Pal and 
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Dohra Dun (U.P.)- 248001. 

Received 4 April 1976. 

Abstract Several vibrational potential functions viz., GVFF, UBFF, OVFF and 
L.J. potential have boon utilized to perform normal co-ordinate analysis of ortho 
silicates and germanates. Utilising and ’^oGe/'^® Ge isotopic shift data, 

unique force-fields of Fg -species are established. Isotopic effects have also been 
examined on the nature of Si— O and Ge— O bond vibrations and non-bonded 
0 .... 0 distances. Results are critically discussed in terms of molecular struc- 
ture and nature of metal — oxygen bonding. 

1. Introductioii 

Some aspects of vibrational spectra of transition metal chalcogen compounds 
have been recently discussed by Schmidt & Muller (1974). A study on spectro- 
scopic properties of tetrahedral oxo-anions and their isotopic species for examin- 
ing the nature of internal vibrations was systematically done by them. How- 
ever, normal co-ordinate analysis of very few oxometalates is performed (Sanyal 
et al 1977) due to the lack of additional spectroscopic data generally required 
for Such studies (Mohan et al 1976, Alix et al 1975) apart from conventional con- 
straint methods (Isotany 1975). As a matter of fact, the determination of exact 
force-field, corresponding to species with more than one vibrations, is not reliable 
unless additional data such as Coriolis coupling constants, centrifugal distortion 
constants, mean amplitudes of vibration, Raman intensities and isotopic -shifts in 
frequencies are available, Muller et al (1972), and Dixit et al (1977) have gone into 
details of such problems and theories and found a way out in the case of isotopic 
compounds by their investigations. Wo have also succeeded in examining 
tetrahydrides of IIIB group by using H/D isotopio-shifts (Rawat et al 1976) 
and isotopic compounds of some refractory materials (Rawat et al 1977). 

• For aU oorrospondenoe. 
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The problem of force-fields in tetrahedral molecules has been reviewed by 
Basille et al (1977) using several potential functions but their data cannot be 
regarded as unique on the ground that they have not used any of the aforemen- 
tioned spectroscopic data; and as such the inherent approximation in potential 
energy functions used, is too large to bo accepted as relibable force-constants 
except for purposes of comparison. 

The purpose of this communication is to report new results on spectroscopic 
constants utilizing Ledent’s (1976) recent infrared and Raman data for some 
silicates and germanates. Vibrational data of such compounds is collected in 
table 1. All these compounds of general formula (A^ = Li, Na; 

Bi/r = Sc, In, Y and rare earths, = Si, Go) are characterized by Olivine type 
structure. A good amount of X-ray work on su(;h compounds has been reported 
to confirm a space-group (Blasae et al 1967) for theee compounds making 

Table L Vibrational frequencies (in Cm“i) of orthosilcates 
and germanates of general formula 


Ion 

vi(Ai) 





842>0 

444-0 

972-0 

53U 


831 >0 

443-0 

967-9* 

635-6 

''«Ge 04 *“ 

668-6 

377-6 

776-6 

422-0 

■'•GeO**- 

665-6 

376-0 

772-0 

419-6 


* computed. 


use of stable isotopes of Si and Go, Lodent (1976) has separated the fundamental 
vibrations as well as internal vibrations of tetrahedral X04^” anions. More 
experimental data, concerning spectra of Olivine compounds, viz., As2Si04, 
A2Qe04, AB^lP04 and AB^^As04 have recently appeared. However, the informa- 
tion, regarding the nature of vibrations in tetrahedral oxo-anions of Si and Ge, 
are yet to be considered keeping in view the following points : 

(i) Whether the commonly used potential functions as described by Feirarro 
et al (1977) are applicable and give reliable cesults consistent with unique 
potential functions obtainable from isotopic data reported by Lodent 
(1976). 

(ii) Whether perturbation theory of potential energy functions (Muller et al 
1973) developed so far describes adequately the shifts in vibrational 
bonds of Olivine type of compounds and also whether the experimental 
observations of Ledent (1976) really fit in the frame-work of perturba- 
tion theory. 

(iii) The effect of isotopic substitution .of central atoms in a tetrahedra on 
the bounded and non-bonded mean amplitudes. 
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2. Theoretical Gongiderations 

Only the intmml modos of structures, characterised for XO4*** 

totrahedra, (Ledont 1976) which are distributed under tlie irreducible representa- 
tion r = A 1 +E+ 2 F 2 have been considered. The forms of internal and symme- 
tric co-ordinates, for the ions in question, are the same as described by Gana 
(1972). TJu^ forma of GVFF, OVFF, UBFF potential functions and L.J. Poten- 
tial are th(^ same as discussed by Basillo et al (1977) and Krebs & Muller (1967) 
for Xy4 totrahedra compounds. Under the frame- work of the above potential 
functions the fundamental Wilson ’»s secular equation, relating normal frequencies 
with symmotriz(Ki force constants, has been solved without any approximation. 
Several kinematically defined approximation methods (Muller et al 1972) have 
also been utilized for (detaining symmetry force constants of Fg-species. The 
form of kinetic energy matrices is the same as used in earlier investigations 
(Sanyal et al 1977). We have not studied the results of approximate forms of 
oscillations in more details, however, exact forma of vibrations were studied 
using isotopic shifts. This study was based on the fact that harmonic force- 
fields are unchanged due to isotopic substitution and hence Wilson’s secular equa- 
tion for F2-symmetry species, involving three principal force-constants could 
bo uniquely solved. The analytical expressions connecting principal force cons- 
tants •P’u. ^12 and F22 with two eigen values of a species are : 


and 

^1 + ^2 ^^ 12^^12 ^11 TT 

0; ^ 


( 1 ) 

( 2 ) 


Using above equations and making use of frequencies of parent and isotopioalJy 
labelled systems, exact force constants have been computed for Fg- vibrations. 
Tliis is displaytni graphically in figures 1 and 2. Further, the isotopic data of 
Si and Ge holds good for the above method under the limiting conditions of very 
high substitution. The details of theory for the interpretation of observed 
frequency shifts, using pertarbation theory, were discussed by Dixit et al (1974). 
In brief, a deduction, bast>d on Wilson, Decius & Cross formalism relating isotopic 
shifts and Zf-matrix after simplification with Z22 = 0 approximation {Muller 
et al 1972) yields : 


^ 1 

Ag® dot\0\ 


•AG„-2G'„« . 


(3) 

(4) 
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Figure 2* Force oonstants display for GeO*- uising ''°Qe/'^®Qe isotopic 
shift [F 34(^2) vs. F sa(F 2)]. 


3. Results aud Discussion 

Utilizing tho infrared and Raman data of Si 04 ^"" and Qe 04 ^" and their 
isotopic ions (table 1) the force constants obtained by GVFF, OVTT, UBFF 
and L-J. Potential methods are presented in tables 2 and 3. There is a good 
harmony among the magnitudes of intramolecular forces obtained from various 
approaches. The stretching force constant fry and K, the bending force oona- 
tant /„ H and k„' and other non-bonding forces obtained by all the methods. 
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are comparable in the three potential functions. All the P~E fonctiona reproduce 

vibration frequencies with minor deviations. 


Table 2. OVFF and UBFF Constants of and 

'^®G 0 O 4 *~/'’^®GeO 4 *“ (in mdyti/A) 


Ion pair 

k,iK) 

h\{m) 

AiFI2) 


Method 

“SiO**- 

3-937 

1-099 


0-072 

(«) 


4-316 

1-153 

0-296 

0-114 

(6) 


3-538 

1-011 

0-393 

0-061 

ic) 

''®Ge04*- 

4-108 



-0*061 

(<*) 


4-199 

1-237 


0-134 

ib) 


3-605 

1-213 


0-009 

(c) 

(a) OVFF, (6) UBFF, 

(c) L.J. Potential .(.4 =: 

6-6 B/R). 


Table 3. 

GVFF constants (mdyn/X) for [2®Si04 

*-/8®Si04®“] and 


fOQoO**- 

/•^®ae04*“] 





Method* 

Jr 

frr 

Sa fata 

/.-/«' 

/r.-/'r. 



P®Si 04 *’-/®°Si 04 *-] 



(«) 

6-873 

0-270 

0-677 

0-735 

0*450 

(6) 

6-801 

-0-039 

0-893 

M67 

1*460 

(C) 

5-461 

0-407 

0-677 

0-735 

0-225 

id) 

4*542 

0-713 

0-795 

0-971 

0-000 



r®ae0««-r*Ge04*-l 



(a) 

4-373 

-0-096 

0-510 

0-572 

0-189 

(6) 

4-696 

-0-170 

0-570 

0*692 

0-638 

ic) 

4-280 

-0-064 

0-610 

0-572 

0*094 

id) 

4-091 

-0001 

0-636 

0-624 

0-000 


•(a) Lia 0, (6) L 21 - 0, ( 0 ) FED, (d) Fxa « 0. 


An examination of table 4 reveals that any of the methods, used to establish 
jPa’bl^ok symmetry force constants, gives identical results with rest of the methods. 
However, the principal force constants calculated by L12 = 0 approximation 
method, are nearer to exact force constants > L21 = 0 approximation method 
> PFD > MVFF (where interaction force constant F12 vanishes). Observing 
table 6 the observed and calculated isotopic shifts of Si04^” duo to *®Si/®®Si substi- 
tution are almost the same while in case of Ge04^'“, observed and calculated 
Avj and AV4 are 3 ’ 6 / 7'2 cm^^ and 2 ’ 6 / 4*6 cm~^ respectively due to ’®Ge/^®Ge substi- 
tution. These results show the validity of calculations in silicate system but 
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Table 4. Symmetriwd Force Constants* (mydn/A) for s*SiQ«*~ and ^*GeO«*~ 



Method”^* 

F 33(F 2 ) 

Fm(F2) 




a®Si 04 ^- 



Fii(Ai) == 6-683 

(a) 

5-604 

0*636 

0-735 


{b) 

6*840 

2*065 

1*167 

Faa(E) == 0*619 

( 0 ) 

5*063 

0-318 

0*735 


id) 

3-829 

0*000 

0*971 


(6) 

6-450 

0-660 

0-737 


(/) 

4-766 

0*409 

0*899 


{g) 

4-953 

0*319 

0-771 


(A) 

4-505 

0-484 

0-869 


•^oGeO**- 



FiM^) = 4-087 

(a) 

4-469 

0-267 

0*672 


(A) 

4-766 

0-903 

0*692 

F2a(E) = 0-448 

(c) 

4-344 

0-134 

0-672 


(d) 

4-092 

0-000 

0-624 


(6) 

4-700 

0-600 

0-604 


(/) 

4-162 

0-037 

0*601 


((7) 

3-983 

-0*108 

0*627 


(A) 

3*753 

0-074 

0-662 


* All values using assignments of Ledent (1976). 

(a) Li2 = ;> ( 6 ) L21 = 0 , (c) PED, {d) F12 — 0 , (c) Excbct force constants, 
(/) OVPF. (g) UBFF, (h) OVFF, {A == 6*6 B/B), 

Table 5 , Isotope shifts of Fs^speoies using Muller-Mohan theory for M04*~ 
ions and Ge) and Verification of Teller-Redlich Product Buie 


[A] a’SiO4*-/30SiO/- ’'0GeO4*-/’^«GeO4*- 




»'3(Fa) 


•^(Fa) 

.-.(Fa) 

Observed 

14-1 cm~^ 

4-0 om“ 

3-6 Otari 

2*6 cm~^ 

Calculated 

(14*1) cm-i 

(4*8) cm- 

^ (7*2) om-^ 

(4*6) cm“^ 

[B] 

Class 

Product ratio 

a»Sio4*- 

■/30SiO4®- *^®GeO, 


Calc. 

Obs. Calc. 

Obs. 



-^1 



0*987 

0*987 1*006 

1*005 


Vl 

J 




E 

y a — 

[-^1* 

0*987 

0*987 1*006 

1*006 



L«** ] 




F, 

r's**^. „ WI» r JIf' 1 * 

0*980 

0*978 0*980 

0*986 
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results are leas satisfactory for system. It may bo due to the mass coupl- 

ing effect. Table 6 consists of calculated valuee of and frequencies using 
various methods. It is clear from table 5 that the results for p^ and p^ are excellent 
for both the systems as evidenced by the verification of Tellor-Redlich product 
rule. Wo have also calculattKl the frequency of a symmetric stretching vibration 
of »®Si 04 ^"“ which was not observed by Ledent (1976). This comes out to be 
957*9 om“^. 


Table 6* Observed and calculated fiequenciea of F^-speeies 2 ®Si 04 *~ and 
•'oGeO/- (in 






% Deviation 



V3{F») 


a»Si 04 *“ 

observed 

9720 

639-6 




UBFF 

9720 

639-5 

0-00 

0-00 


OVFF 

L-J Potential 

949-2 

580-0 

2-37 

7-61 


(A = 6-6 B/i?) 
GVFF 

904-7 

676-7 

6-92 

6-90 


(from OVFF) 

949-0 

680-9 

2-37 

7-67 

^®Ge 04 ^- 

observed 

UBFF 

776-5 

776-6 

422-0 

422-0 

0-00 

0-00 


OVFF 

771-9 

426-0 

0-46 

0-71 


L-J. Potential 
{A « 66- B/B) 
GVFF 

733-0 

446-0 

6-48 

6-69 


(from OVFF) 

733-0 

446-0 

6-48 

6-69 


The values of force constants, detonninod in tJiis study, agree very well 
with the data based on isotopic sliifts. Our study indicates that duo to the 
^®Si/30Si substitution in SiO^^- systems, the spectral data observed by Ltxient 
(1976) are suitable for establishing reliable force constants values. The results 
obtained in UBITF and OVFF calculations overall agree with GVFF symmetry 
force constants for both the systems (table 4). The agreement between present 
potential constants and those reported earlier (Dixit et al 1977) is good, however, 
the present data is more reliable th9»n previous investigators because of the use 
of additional spectroscopic data. Table 7 consists of bonded and non-bondod 
moan amplitudes of vibration for silicates and germanatea in question. The 
isotope effect on Ge-compounds duo to 70Ge/^®Go substitution are more pronounced 
on Go— O bond than in Si— O bond due to ^^Si/^^Si substitution in Si-compounds. 
And this should be so, when we examine the magnitudes of force constants of 
these compounds. However, this has been obtained of minor magnitude and 
is consistent with our previous studies (Dixit & Vorma 1977). Hence, whatever 

10 
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tetrahedra (Si 04 *“' or Go 04 ^”) is considered, the mean amplitudes of bonded 
Si — o or Go — O distance, at T = 298®K, are not very much different and attains 
approximate value of 0-042 A — an observation made by Muller & Schmidt (1972). 
In other words, the bonds ^®Si — 0, ^®Si — O, ’®Gro — 0 and ’®Ge — O are highly charao- 

Table 7. Mean amplitudes of vibration (m A) of SiO^^ and QeOi** 


Systems 

Distance 

T = 0°K 

T «= 298®K 

T = 600°K 

. a®Si04^- 

Si— -0 
(bonded) 

0 0418 

0-0422 

0*0446 


0...0 

(non-bonded) 

0-0738 

0*0771 

0*0849 


Si— 0 
(bonded) 

0*0416 

0*0421 

00445 


0...0 

(non-bonded) 

0-0732 

00764 

0*0844 

. ''0GeO4*- 

Ge--0 

(bonded) 

0-0365 

0*0428 

0*0468 


0...0 

(non-bonded) 

0-0708 

0*0770 

0*0883 

, ’='®Ge04*“ 

Ge— 0 
(bonded) 

0-0414 

0-0426 

0*0467 


0...0 

(non-bonded) 

0*0703 

0*0766 

0*0880 


eristic as regards their moan amplitudes of vibration. On the other hand, the 
non-bonded mean- amplitudes duo to 0...0 are affected very much by isotopic 
substitutions. This sliows that the replacement of central atom, by its isotope 
or another element, in a tetrahedra, affects the non-bonded mean amplitudes 
considerably while the bonded mean amplitudes are least affected. Conclusively, 
it may be said that any change brought about in the bond strength of metal — 
oxygen bond in a tetrahedra due to the replacement of the central atom is re- 
flected in terms of mean amplitudes — ^values of non-bonded distances such that 
the characteristic nature of vibration of metal-oxygen bond are not lost. Bond 
stretching force constant for Si — 0 is larger than bond stretching force constant 
for Ge — O showing more stability of Si — O bond than Ge — bond. 
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Abstract.. Intensities of the forbidden lines of the transitions within the 
configurations of S X are computed for the electron densities N® =* lO"^, 10®, 
10® and 10^®. The populations of the states required for the calctilations are 
obtained following the method of Zirker (1970). The results are presented in 
the tabular form. It is observed that for (S— D) and (D—D) transitions the 
line intensity decreases with the increase of electron density whereas for 
(S — P), (P— P) and (D — P) transitions the intensity increases. 


1* Introduction 

TJio iiitoiLsity of tho lino (in orgs cin~* 8oc“^) obKorvod at tho earth’s distance is 
given by (Pottasch 1963) 

/ = 1-744 X 10-17 w f NjAiidh (1) 

whore Aji (soo"i) is the spontaneous transition probability, W(eV) tho energy 
gap between the corresponding levels, Nj the population density of tho ion in 
tho state j and the integration is performed over tho line forming region. 

For the quiet regions in the transition zone (electron preesure parameter 
= 6xl0^ the conductive flux factor = IQi^) equation (1) reduces to (using 
= 0*8 N^) (Chandra 1978) 

I = 6-02 W ^ f -p- -p- dT. (2) 

JVff ■’ hTj Na Ne ' 

H )ro tho relativo abundance of sulphur to hydrogen {NeIHb) ie taken aa2'04 x 10”* 
(Dupree 1972). For othei valuoo of tho relative abundance the intensities might 
be scaled. The relative ion abundances {NJNb) utilized here include the density 
effect and are taken from Jordan (1969). Tho population of tho excited states 
relative to the ground state (NflNj) are determined for a fixed temperature and 
electron density by tho steady state equations (Zirker 1970) 

N, i: (Aji+Cft) = S Njt(An+Cij) (3) 

»</ *<1 
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where A' a. and O' a are the radiative and colliaional transition rates. The coUisional 
excitation rates, by assuming the collision strength j) independent of energy, 
are computed with the help of the exppession 

Cij = a(i, j)exp(--11606 WjT), (4) 

Colliaional deexcitation rates are connected with the excitation rates by 

Cfi = C</gr^yr'oxp(11606 WIT). (5) 

Tlio photo excitation rates Afj are xelatod to the spontaneous transition 
probabilities by 

Aif - AfiDgf^i- i[oxp(11606 W/Tr)-l]~l (6) 

In the present investigation t]\e black body radiation temjK^rature Tr is taken 
equal to 6000 K and tlio dilution factor D is 0*3. 

The values of the various parameters used ar<^ displayed in Table 1 and 
theii sources are given in the footnooos. 

Table 1. Values of the parameters 


Transition 

w* 

(eV) 

Afi** 

(Sec-») 


gt 

^SqI2 ^Dqi2 

10-2136 

16-021 

0-112 

4 

*^3/a 

10*3660 

0*374 

0*170 

4 

*I>3/2 ^^612 

0*1426 

0*016 

0*231 

4 

1 /a 

16*7346 

140*006 

0*041 

4 

^I>2i2 — ^*Pi/a 

6*6210 

67-470 

0*071 

4 

*2>5,a-“Pi/a 

6-3784 

0-290 

0-083 

6 

*^212 — ^Pa/a 

16-9613 

320*001 

0*083 

4 

“Pa/a — ^“Pa/a 

6*7478 

100*260 

0-117 

4 

“Paia — “Pa/a 

6*6063 

64*690 

0*210 

6 

“Pi/a— “Pa/a 

0*2268 

0*052 

0*094 

2 


* Edlen B 1972 Solar Phya. 24 366 
** Garstang R H 1972 Optica Pure Y. Aplicada 5 192 

Czyzak S J ,All 0 r R. H. & Euwema R N 1974 Aatrophya. J. 

Suppl, Ser. 28 406 

Values of NflN^ are calculated, by using the equations (3) through (6) as a 
function of temperature. Those values along with lolative ion abundances of 
Jordan are then used in the graphical integration of the integral in equation 
( 2 ) by plotting a graph of (NflNi) (NjJNs)T*N 0 -^ versus T. 
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Tho computed line intensities of the forbidden lines of the transitions mthin 
the ground configurations of SX for tho electron densities Ne ^ 10’, 10®, 10* 
and 10^® ace quoted in Table 2. 

Table 2. Line intensities 





N. 


X i mioiuiiiix 

10*' 

10® 

10» 

1010 

*^3/2 

8-868(-6)* 

8*868(-5) 

8*701(~6) 

7*914(~5) 

^^3/2 

l*281(-4) 

l*142(-4) 

5*879(-6) 

l*102(-5) 

^-^3/2 ^^BI2 

7*641(~8) 

6-723(-8) 

3*461(-8) 

6*489(-9) 

^^312 1/2 

3*400(-6) 

3*671(-6) 

5*140(-5) 

6*919(-.5) 

*^3/2 1(2 

4-877(~6) 

5*288(-6) 

7*403(~6) 

9*965(-6) 


2*407(~8) 

2*699(-8) 

3*639(-8) 

4*899(-8) 

^^3/2~"P3/2 

e*768(-6) 

7*422(-6) 

l*076(--4) 

l-509(~4) 

*^3/2 

7*636(-6) 

8*374(~6) 

l*215(~-5) 

l*702(-5) 

^D^I2 — ^Pa/a 

4*054(~6) 

4*447(-6) 

6-449(-6) 

9*038(~6) 

^Pit2 — *p3<a 

1*663(-10) 

1.714(-10) 

2*486(-10) 

3*483(-10) 


* The numbers in brackets are the powers of ten, e.g. 8*858(— 6) = 8*858 X 10”® 


The line intensity for (8-D) and (D-D) transitions decreases with the increase 
of electron density Ne whereas for (S-P), (P-P) and (D-P) transitions the intensity 
incceaees. 

The relative populations of the levels are presented in Table 3. Obviously, 
the population of the D and P levels increaees with Ng wh^^reas that of 8 level 
decreases for the electron densities under consideration. The population of P 
levels increases more rapidly than that of D levels. Since the population of 
8 level decreases and that of P levels increases rapidly, it shows that the fraction 
of electrons in D levels which are oolliaionally excittxi to the P levels increases 
which the increase of electron density and a smaller number of electrons follow 
the radiative decay. Further the transitions between 8 and D levels are not 
optically allowed, the lifetimes of D levels are larger and the electrons in D levels 
can easily bo coUisionally excited to the allowed P levels. Therefore on increas- 
ing the electron density the number of de-exciting electrons in D levels decreases 
hence the intensity of the lines for the transitions (8-D) and (D^D) decreases. 
Fui-ther, the population of P levels increases, hence the intensity of the lines for 
the transitions (S-P), (P-P) and (P-P) increases with the increase of electron 
density. 
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TaUe 3. Relative populations of the levels at the temporature T = 1 X 10*K. 


N, 

'm 

N, 


Ni 

SJV< 

Ni 

W 

0*992 

l*416(-4)* 

8*159(~3) 

3*743(-6) 

3*161(-6) 

10* 

0*931 

l*326{-3) 

■ 9*783(-2) 

3*861(-6) 

3*330(-6) 

io» 

0*736 

l*033(-2) 

**631(-1) 

4*234(-4) 

3*861(-4) 

10*0 

0*666 

6*960(-2) 

l*666(-l) 

4*443(-3) 

4*182(-3) 

10“ 

0*368 

1*966(-1) 

|*680(-1) 

3*396(-2) 

4*474(-2) 

10“ 

0*206 

1*710(-1) 

l*628(-l) 

6*662(-2) 

2*949(-l) 


* See note of table %, 


On further increasing the electron density the population of D levels also 
shows a decreasing trend and hence tlio intensity will decrease more rapidly for 
the transitions {S-D) and {D-D) and will increase for the transitions {8-P), 
(P-P) and (D-P). 
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Abstract Quadrupole coupling constants (B) for the ®Pi and ^Pi levels of Mg“, 
Zn®"^, Kr®3 and ®D and levels of Zn®"^ have been calculated using the 
experimentally determined values of the quadrupole coupling constants of the 
®Pa levels of these atoms. 


1. IntroductioDL 

Hyporfino structure of the motaatable states of and Zn®’ have been studied 
by Lurio (1962) through atomic beam resonance method and quadrupole coupling 
constants have been determined for and ^Pj levels of Mg^^ and ^Pg level of 
Zn®’. Ho has calculated B (®Pi) of Zn®’ using the data of Bookman et al (1957). 
!Fauai et al (1963) have studied the hyporfine structure of the metastable (4p^5s)^Pg 
State of Kr®*, again through atomic beam resonance method and have deter- 
mined the quadrupole coupling constant for its ^Pg level. Wo hare calculated 
the B values for ^P^ and ^P^ levels of Mg^^, Zn®"^ and Kr®® and and levels 
of Zn®"^ using the experimentally dotorinined B values of ^Pg levels of these atoms. 

2. Calculations 

Wo are inteiestod in looking at tho {SsSp) configuration of Mg®*, (454jp) and 
(4s4d) configurations of Zti®'^ and (4p*55) configuration of Kr®®. Hero in Kr®®, 
there is a single hole in the otherwise closed 4p shell. Therefore all these confi- 
gurations are simple two electron problems of the configuration type (si). The 
charge distribution of tho s electron being spherically symmetric, the field 
gradient is only duo to the single p electron or the d electron in the (sp) or (fid) 
type of configurations considered hero. The configuration (si) in the limit of 
Russel-Saunder’s coupling gives rise to four terms ®ij+i, ®i|, and The 
energy levels arising from the configuration 4p*5fi of Kc®® is shown in figure 1. 
The energy in wave numbers for the levels of Mg®*, Zn®’ and Kr®® have boon taken 
from Moore (1949, 1971). 
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Figure 1 . Diagrammatio energy levels of Kr®® atom. 
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Qy/idrupole Moment and Qwadrupole, Covplmg comtanis : 


The quadmpolo coupling confitant B i« defined by the equation, 

e*qj 


( 1 ) 


where Q is the nuclear quadmpolo moment and qj is the electric field gradient. 
The field gradient is directly related to ^ and is given by, 




nlm 




where 


- ~R, 


r 3w*-«(l+l) -j 

/ 21 \ 

1 1(21+3) J 

[ 21+3 / 

AT 



nlm 


,x^Zia^Hr(l, Z,)(J+i) 


( 2 ) 


( 3 ) 


AT is the separation between the levels and ^Li^i ; Hoo b* the Rydberg 

constant, ct is the fine structure constant, is the effective atomic number, Hr 

is a relativistic correction factor and Uq is the Bohr radius. Tlio values of 

are listed in Table 1. 


The experimentally determined B values, 5(*P2) = 16’009 Mc/s for Mg**, 
P(»P») == 36-024 Mo/s for Zn«’ and P(»P*) = -462-1097 Mc/s for Kr»» have 

u 
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been uHod for the calculation of the nuclear quadrupole moment Q of these atoms. 
We get the nuclear quadrupole moments as, 

Q(Mg«) = 0-22 b 
C(Zn«) = 0-16 b 
<3(Kr*«) = 0-268 b 

(16 = 10-** cm*). 


TaUe 1. 


Values of 



and other parametem required iu the calculation. 



Mg*® 

Zn^-^ 


Kr»» 

L = 1 

L=2 


0-768 

2-416 

0-0296 

17-497 

A 

0-199 om-^ 

2-921 om*"^ 

0-03 om”^ 

2534-894 cm“^ 

D 13180-934 

14243-927 cm-^ 

313-49 cm-i 

4929-940 cm-i 

Ox 

0-6741 

0-5656 

0-6248 

-0*1830 

Ci 

0*8187 

0-8246 

0-7807 

0-9831 


1-0096 

1-0626 

1-0157 

1-0923 


a. Kopformann (1958). 


Uaiiig oq8. (1) and (2) oiio can a»rrivo at the oxproHaions for the B values of 
various levels. These quadrupole interaction constants for the various levels 
are given by Lurio ei al (1962), 




if/ar. ) _ (2/-3)(2i42) 

12C^C^Sr (21 \* 

21(21+1) \ 21+2 ) '+"> 




(2i-l)(2<+4) 

(2Z+1)(214-2) 




+C"2*6i_,j, 


\2Ci'C^'Sr I 21 
21 ( 21 + 1 ) \ 21+2 / 


Sf is a relativistic correction factor. 


(4) 

(5) 


( 0 ) 


(7) 
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The correction factors C7j, Oj, (7'j and C\ are given by 
C7, = ain(0o-»); C\ = ooa(d„-0); 

9o = tan-i yj— ; & = 8in-> (8) 


A being the deviation of ^Li state from the position it would have had if the 
*Zf Separations obeyed a Lande Interval Rule and D is the separation between 
and ^Li levels. 

Also, C\ = Cg; C '2 — —C\, and 6’s are the single electron quadrupole ele- 
ments defined by, 


bf 


(2j-l ) e^Q 
(2j+2) h 



( 9 ) 


where Bf is a relativistic correction factor. 

The expression applies with a plus sign for a electron and with a minus 
sign for a p^^^ holo. So, in case of Kr®^, the expression applies with a minus sign 
(Fausi et al 1963). 

The various quantities required for the calculation of the B values have been 
calculated and are listed in Table 1 . Using the values of these parametere, the 
quadrupole coupling constants have been calculatt^ and are listed in Table 2 
along with the experimentally determined values whennw available, for the 
sake of comparison. 

Table 2. B values for various levels* 


Configuration 

Level 

B values in Mo/sec 

Mg2s 3s(^JS)Zp 

^Pi 

-8-064 (-8-0296) 


^Pi 

16-058 


^Pi 

-19-488 (-18-65C) 


^Pi 

37-600 

3<J«4»(»5)4d 


0b91 


0-306 



0-216 



0-604 

Kr«3 4p»(*Pot)6* 


-133-283 

*^1 

-344-210 


6. Lurio (1962) 
c. Fausi et ol (1963). 


A good agreement was found between the calculated values and the experi* 
mentid values, 
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Pasohen’s law is a unique law in the gaseous breakdown. But in the present 
investigation it has been observed that under the influence of both electric 
and cross-magnetic field it is not a unique function of the product P (pressure) 
and d (gap distance) but dependent on other parameters. A mathematical 
analysis for the dependence of those parameters together with experimental 
variflcation has been presented in this paper for air, nitrogen and hydrogen. 


1. Introdnctioii 

When a magnetic field dircKjtion is at right angle to that of the electric 

field, is applied to a gaseous Townstmd discharge, the charged particles, instead 
of moving in straight lines between collisioji, are deflected to a cyclodal path. 
Such deflection increases the probability of ct)llision in the direction of the electric 
field resulting in an effective reduction of the electron mean free path. The re- 
duction of the moan free path by the magnetic field can be interpreted as an 
apparent increase of pressure which gives rise to the equivalent pressure concept 
studied (Mayer 1919, Wherl 1922, Townsend 1935, Valle 1952, 8mervalle 1952, 
Haefer 1953, Belvin and Hayden 1958, Hayden 1961) extensively in the past. 
Paul et al (1974) studied on the gaseous breakdown and Paul (1975) derived equa- 
tion of effective field calculation under the influence of electric and magnetic field. 
In this paper Paschen’s law under the influence of electric and cross-magnetic field 
has been investigated at different prtjssure region with air , hydrogen and nitiogen. 
Paschen’s law states that sparking potential is a unique function of the product 
P and d, whore P is the pressure and d is the gap distance. But in the present 
investigation it has been observed that under the influence of both electric and 
magnetic field it is not a unique function of the product P and d but also dependent 
on other parameters. A mathematical analysis for the dependence of these para- 
meters under the influence of cross-magnetic field is presented and the experi- 
mental results amply support the theoretical prediction. 
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2. Theoretical analysis 

Blevin and Haydon (1968) have deduced an expreasion for tlie equivalent pressure 
by considering the bulk properties of electron swarm in cross magnetic and electric 
field. The equivalent pressure as derived by them may be written as 

P' = i»ri+c(2’/P)*]* (1) 

where P = pressure without mimetic field 
P' =r equivalent pressure 
T — flux density 



where rw. = electron mass 
e electron charge 

A mean free path of an electron in the gas at 1 torr 
V = electron velocity 
The electron velocity may be written as 

— g ^ 
m' V 


(3) 


V = collision frequency 
E = electric field 

Substituting the value of c from Eqn. 2 in eq. 1 

Rewriting the value of v from Eqn. 3 in eq. 4 

<«> 

For uniform field geometry 


H^oe substituting the value of JS in eq. 6 




( 7 ) 



Modified Paechen^e taw etc. 

The usual breakdovwi volta^ (Nasser 1970) is given by 
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v = 


BFd 

APi 

log (l+ — J 


( 8 ) 


where A and B are constant and y is the aeooadary Townsend ionozation coefficient. 

Under the influence of magnetic field P changes to P' , therefore substituting 
P’ from eq. 7 in eq. 8 tho following expression may be written 

-f-) 

Thus eq. 9 suggests that in an electric and cross-magnetic field the sparking 
voltage is not only a function of P and d alone as stated by Paschen, but also 
dei>endont on other parameters such m TjP, d, X and v. 


3. Esperememtal <et up 

The testing chamber, used in the experiment, is different from a conventional 
one. Normally the chamber is made of metal and the electrodes are inserted 
through bushings. In the present experiment tho discharge chamber was made 
of insulating materieJs and tho electrodes were fitted on it. The gap distance 
between the electrodes could be varied and measured from a scale fitted outside 
the chamber. ParaUel plate electrodes of Rogowski’s profile was used. The 
electrodes were polished until a satisfactory and smooth surface finish was obtained. 
They were washed in »-hexane, so as to remove any grease and to limit the forma 
tion of an oxide layer on tho surface. The electrodes were conditioned before 
carrying out the ea^iment. The voltage for the ex^iment was obtained 
from a 40 K.V. d.o. source with a moving coil regulator giving smooth Mid uniform 
variation in voltage. The magnetic field was produced by an electromagnet 
which could produce a magnetic flux density of about 1.15 tesla across the working 
gap. The aohematio arraoigement of the experimental set up which consists of 
a testing chamber, magnetic field with vacum system, etc. are shown in Figure. 1. 
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0 • DIFFUSION PUMP T : TESTING CHAMBER (PERSPEX) 
R; ROTARY PUMP EM: ELECTROMAGNET 
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MIV. MAGNETIC ISOLATION VALVE 

Figure 1. 


4, Results 

Result presented in this paper are for different values of Pd and taagnetic 
field intensity. For a particular value of Pd and magnetic field breakdown 
voltage measurements were made with three different values of gap distance. 
Figure. 2(a) shown the Paschen’s breakdown characteristics of air without the 
application of magnetic field. But when the cross magnetic field is applied the 
breakdown voltage for a particular value of Pd is correspondingly increased as can 
be aeon in Figure. 2(b), 2(c) and 2(d). Even in the presence of magnetic field the 
breakdown characteristics fallows Paschen’s law, but changes in the values of 
the gap distances considerably modify the slope of the curves as is observable from 
Figure. 3. Results with hydrogen and nitrogen are depicted in Figure. 4 to 
Figure. 7 which are also similar in characteristics to that of air. 
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5. Goncliuioiis and DiscnMioii 

When the product Pd aoid magnetic held remained constant there is a large 
change in sparking voltage when d is varied. This shows that the path of Paschen’s 
curve is^ modified with the change in gap distance. It may be concluded from 
the expex'imental results that when the gap distance is increased from one lower 
value to the next higher, value, keeping the product Pd and magnetic field constant, 
the equivalent pressure is further increased as a result of which the breakdown 
voltage is increased. The increase in breakdown voltage with increase in 
d, keeping Pd constant, under the influenceii^ of cross-magnetic field may also bo 
explained from eq. (9). When the prodiK^t P mid d isc onstant in that case increas- 
ing the value of gap distance d means P decreases. This decrease in the value 
of pressure P inoreses the value in the numerator of 9 much faster than in the 
denominator. Although the other paramett^rs are also changing with the change 
in but however, the net effect of cross magnetic field is the increase in the voltage 
when d is increased, keeping the product and constant- Tt may be fiiithei stated 
that this effec t is not present in absence of magnetic field. 
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Abstract : Conduction and breakdown at low pressure under the influence of 
magnetic field have been studied by several scientists, but the effect of para- 
meters like viscosity, mean free path have not been studied much. In the 
present paper the effect of parameters like mean free path, viscosity, under the 
influence of cross-magnetic field have been considered and an equation of 
conduction current is obtained considering the effect of magnetic field on these 
parameters. The experimental results with air are presented and it has been 
observed that the trends of the experimental curves are in good agreement 
with the theoretically derived equation. 


1« lotrodiiction 

Breakdown at low prei^ure under the influence of magnetic field has been studied 
by several scientists (Mayer 1919, Wehrl 1922, Townsend 1938, Valle 1952, Somer 
Valle 1952, Haefer 1963, Belvin & Haydan 1968, Haydan 1961, Rajan 1972). 
It is known that when a cross-magnetic field is applied to a gaseous discharge the 
electron or ions, instead of moving in straight lino between collisions, are deflieoted, 
as a result of wliich there is an increase in collision frequency and reduction in 
mean free path. The reduction of mean free path by the magnetic field can be 
interpreted as an apparent increase of pressure which gives rise to the equivalent 
pressure concept and this concept has been studied by several authors as stated 
earlier. The effect of magnetic field on the parameters like viscosity, Triean free 
path and their effect on conduction current has not been investigated so far in 
the available literature. Although Loeb (1966) has derived an equation of mobi- 
lity in terms of mean free path, visoisity and radius of the charged particles, but 
the efleot of magnetic field has not been studied by him. Further Coope and 
Snider (1972) althou^ studied viscosity under the influence of magnetic field, 
but the effect of magnetic field on viscosity and its effect on conduction has not 
been dealt with. Paul et al (1974) studied on the gaseous breidcdown and derived 
equations for the calculation of breakdown strength of various gases. Paul (1975) 
also developed equation of effective field calculation of dielectric under the in* 
fl^uence of electric and magnetic field and very recently Paul (1979) derived an 
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equation of sparking potential of air, hydrogen and nitrogen under the applied 
electric and agnetio field. In the present paper an equation of conduction current 
has been presented considering the effect of parameters like mean free pathi 
viscosity on the applied magnetic and electric field. The experimental result 
with air are presented and it has been observed that the trends of the experi- 
mental curves are in good agreement with the theoretically derived equation. 


2 » TheoretiGal Analysis 

The equation of current density neglecting recombination and in the absence 
of magnetic field may be written as 

J = crE 

= (^€a’/^e+niaMn+np(l/^p) ( 1 ) 

where J = current density 

a = electrical conductivity 
E = electric field 
n Bs number density 
e = electronic charge 
q = ionic charge 

Considering 

K 2 = ^nq and iC* = Upq 

eqn. 1 reduces to 

J = K2/An~^ ^sM'p) ^ 

The equation of mobility as developed by Loeb (1955) is given by 



where = mean free path 
^ = viscosity 

r = radius of the charged particals 


Substituting the value of the mobility equation of ions and electron from eq. (3) 
m eq. (2) the current density equation may be written as 





enff^re 


+K^ ( 1 +^) . 


1 

6?r7n»‘« 




( 4 ) 


13 
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It ia further known (1975) that when a cross magnetic field is applied to a 
gaaoOTis diacharge then there ia a reduction in moan free path. If it be assumed 
that the mean free path ia changes from A to A— AA for a particular value of applied 
magnetic field, then the current density equation in presence of crosa-magnetio 
field may, therefore, be modified as 

t>7r L Ve'f'e \ Tc ) 

„ /j , \ ] (5) 

Vn^n \ Vp^p \ / \ 

whoro AA in tlv^ torin wliu.li is duo to t]\o applioatiou for a particular valuo of 
inagnotic fiold and AA = 0 Avhon == 0 aud AA ciliangeS with the change in the 
magnetic field strength. From the work of Coopo and Snide (1972) it ia further 
known that the viscoaity, in the case of a gas, is a function of BjP and 1 /P (where 
P ia the pressure) i.e. 

7 = S{BIP, 1/P) ( 6 ) 

When the pressure is kept constant the viscosity is a function of magnetic 
fiel<i and the value of viscosity increasf^s with the increase of magnetic fiold. Lot 
it bo assumed that the viscosity is changed from tj to v-f-A?/ wl\on a particular 
value of magnetic field is applied. Therefore, considering the effect of magnetic 
fiold on the mean free path and viscosity, the equation of current density (eq. 5) 
may be modified and may be written as 

j ^ KyC / Ac— AAe \ 

^ L (%+A 9 e)rf; ' \ re ) 


..... /i \ , _ /j , Ap-AAp \ 1 

( 7 „+Ar/„)r„ ■ I ■ ' \ ^p '' 


( 7 ) 


From oq. 7 it is evident that the effect of magnetic fiold reduces the current 
density. In the absence of magnetic field the value of AA and A 7 are zero, while 
in present of magnetic field the meaa:i free path, A changes to A— -AA and tin the 
case of viscosity, ^ changes to ^+A?;. Further the values of AA and A 7 chaaige 
with the chaaige o magnetic fiold strength. 

3. Experimental eet up 

The experimental sot itp consists of a testing chamber and its aasembly, the 
vaoum system, production of magnetic, field and its measurement, high voltage 
d.c. supply, the details o which have been reproted by Paul (1976, 1979) earlier. 
However, the experimental set up of the system is shown schematically in Fig. 1. 
As the purpose of the experiment was to investigate the behaviour of the conduction 
current as a function of magnetic fiold, hence the gas used in the experiment was 
discharged at a certain vpltage for a fixed valuo of gap distance and the current 
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was adjusted to a certain value. Magnetic fields of different strength were then 
applied and the conduction current values were noted. 
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4, Results and discussion 

Fig. 2 represents tlie behaviour of the conduction (jurrent as a function of 
magnetic field at a pressure o 1 .5 ton* for a gap distance of l.O cm. Fig. 3 repre- 
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rents the similar charaotoristics but at a pressure of 60 torr with the same gap 
distance. 



FLUX DENSITY IN TESLA 


It is evident from the experimental results that the effect of magnetic field 
reduces the conduction current. It may bo concluded that the effect of magnetic 
field reduces the moan free path of the charged particals as a result of which the 
conduction current is decreased. Further the viscosity also increases due to 
the applied magnetic field. The net result of the cross-magnetic field is, therefore, 
the reduction in conduction current as it can he easily ohsei'ved from eq. (7). 
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Abstract. The general oonditiozt for modulational instability and correspond- 
ing growth rate of a large amplitude wave propagating through a dispersive 
medium has been discussed. The nonlinear dispersion equation arising due 
to consideration of relativistic electron effect for quasi longitudinal propaga- 
tion of whistler wave through cold and cdense magnetoplasma has been 
derived. Using the nonlinear dispersion equation and the general expressions 
the variation of frequency spectrum and growth rate of modulationally un- 
stable whistler waves with different wave normstl angles has been studied. 
The results thus obtained have been applied to explain the observed features 
of banded whistlers. 


Introductioii 

The nonlinear response of a dispersive medium to a large amplitude electro- 
magnetic wave propagating through it has been of recent interest. Consideration 
of non-linearity of the dispersive medium results in the medium property to 
depend on the wave field amplitude which, in turn, causes the self-trapping 
(Ohio et al 1964) and the self-focussing (Akhmanov et al 1966) of waves propagat- 
ing through the dispersive medium. Taniuti and Washimi (1968) have first 
considered the whistler wave modulation by low frequency density perturbation. 
Brinca (1972) has studied simultaneously the relativistic and ion effects on the 
modulational (self-trapping) instability of whistler wave propagating parallel 
to the static magnetic field. In the present paper, following the mathematical 
formalism of Brinca (1972) we have studied the effect of relativistic mass varia- 
tion of electrons on the modulational instability of whistler waves. The pro- 
pagation of whistler waves has been considered to be directed at an angle to the 
static magnetic field permeating the cold and dense plasma. Wo have, in general 
discussed the condition for modulational instability and corresponding growth 
rate of a wave propagating through the dispersive and nonlinear medium with 
the help of wellknown criterion (Karpman and Krushkal 1969) and the nonlinear 
Schrodinger wave equation. The nonlinear dispersion equation resulting due to 
relativistic electron effect for the whistler wave propagating under quasi-longitudi- 
nal approximation has been derived. Using the well known criterion (Karpman 
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and Krushkal 1969) the frequency spectrum for the modulationally unstable 
whistler waves has been discussed. It is found that the relativistic electron 
effect sets-in modulational instability of whistler waves for the frequency range 

o> < ^^oos d. With a kiew to study the effect of wave normal angles on the 

modulational instability, we have computed the maximum growth rate of modula- 
tionally unstable whistlers at two ionospheric heights with different wave normal 
angles. It is shown that the growth rate increases with the wave normal angle 

and becomes considerable beyond certain wave normal angle. At co = cos 6, 

a singularity in the growth rate is obtained. When the growth rate becomes 
appreciably largo, whistlers may break into pulsations and thus explain the 
observed features of banded whistlers. 

2. Modulatioiial Instability 

The nonlinear evolution of modulational instability is studied with the help of 
nonlinear Schrodinger wave equation which is written as (Hasegawa 1976, Liu and 
Nishikawa 1976) 


where ^ is the modulational envelop amplitude of a finite amplitude wave, ♦q 
is its initial value, a and p are coefficients defined as 


1 

“ ~ 2 5F ’ 



( 2 ) 


T = ^ and I = Z t are coordinates in wave packet frame. The second term 

in equation (1) characterises the dispersion property of the medium and the third 
term in equation (1) represents the nonlinearity of the medium. According to 
the well known criterion (Karpman and Krushkal 1969), the modulational 
instability occurs only when 


I 

a 


> 0 . 


( 3 ) 


A perturbation solution of the nonlinear Schrodinger wave equation is obtained 
by expressing the amplitude of the modulated envelop in the form 




( 4 ) 
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and expanding p and cr in a linear approximation 

( ^ ) = (^‘’ ) + exp[t(£iT-Zf)] (6) 

where Q and K are the frequency and wave number of the modulating wave res- 
pectively. The modulating wave is a sort of wave resulting from large wave- 
length perturbations in the medium. The initial values appearing in equation (5) 
are p© == l^ol^ (Tq = 0. Substituting the expression for O as given in 
equation (4) in equation (li and then linearising the resulting equation with the 
help of perturbation scheme (5) wo obtain the linear dispersion equation for the 
modulating wave, 

£2* = a*i:«(z*_2|-|$o!*) (6) 

28 

Wo find that for > ~\(f>Q\^ the £2 remains real and the wave propagation is 

stable. However, from equation (6) we easily see that £2 becomes complex if 
the wave number K becomes smaller than certain critical value. This is expressed 
as 


K< 



( 7 ) 


As a consequence of £2 being complex with K satisfying equation (7) the temporal 
growth rate of the modulating perturbation is obtained as 


Tj = ImQ = ^ I $„) 


( 8 ) 


The maximum growth rate Tjm occurs for optimum wave number K^pt given by 





( 9 ) 


and the corresponding growth rate is 

It is clear from equation (10) that if the medium is linear (^ = 0), the wave is 
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modulationally stable. For nonlinear dispersive medium, the growth rate of 
modolational instability is proportional to square of initial wave amplitude. 

3. Nonlinear Dispersion Equation 

In order to obtain the expressions for the ooeffioients a and y? appearing in equa- 
tion (2) we derive the nonlinear dispersion equation for a finite funplitude whistler 
wave propagating along z-axis. The static magnetic field permeating the plasma 
is assumed to bo directed at an angle 6 to the z-axis. The motion of charged 
particles are governed by the electric and magnetic fields of the whistler wave in 
addition to static magnetic field. 

m, -^{yV) = -eE-eVx {Bo+B) (11) 


where E and B are described by Maxwell equations as 


AxB = 



Ax£ = - 


( 12 ) 


Here Bo is i'he static magnetic field, E and B are the field vectors of the whistler 

/ F*\“* 

wave, n is the electron number density, is the electron mass, y — II — ^ j 

is the relativistic correction factor which accounts for the relativistic variation 
of electron mass. We have neglected the ion motion in equation (11) which 
limits the lower range of the whistler wave frequency to the lower hybrid fre- 
quency. The displacement current in whistler mode propagation has been 
neglected. Eliminating the wave electric field from equation (11) with the help 
of equation (12) and using the quasi-longitudinal approximation we obtain the 
coupled equations 


dH 
dt ■ 

Oz 

— i 

Va 

o>e0 

lO]- 

Va oobO 

du 

Li 

d 


\ _ 

dH 

dt ^ 

h ♦ 

Wd 

dt 

If 


n dg 


(13) 


\diere H = (B«+tJB|f)/Bo. “ = (F«+»T^)/7^ wet, * is the particle gyro- 

m«,< 

frequency and Va ~ is the Alfven velocity and no is unperturbed 
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electron number density. We look for a solution of the coupled equations in 
terms of the following harmonic variation. 


( ) — ( ) ®2cp[i(<oo«— *0*)] 

« ttn 


(14) 


whore cuq and io are the whistler wave frequency and wave number respectively. 
In addition, we assume 



(16) 


Substituting equations (14) and (16) in equation (13) and rearranging result into 
dispersion equation for whistler waves propagating at angle with the static 
magnetic field under quasi-longitudinal approximation 


( 


<«>0 

koVA 


/ Wet ' Wee f 


(16) 


Substituting expressions (14) and (16) and their differentiations in equation (13) 
and then solving give the expression for ] m# I * 



(17) 


Writing expression for y reduces to 



(18) 


expanding the B.H.S. of eq[uation (18) to first order and then substituting for 
|«gl from equation (17) we obtain the expression for y as 


y 


= 1 - 


Va^ 


2(7* 


( 


kpVA \ / j 
o>o / ' 



(19) 


Thus the factor y is dependent on the amplitude of the wave making the dispersion 
relation nonlinear. Substituting equation (19) in equation (16) and assuming 
wp ^ Wei we obtain the nonlinear dispersion equation for the whistler wave as 


— 


cV 

o}pe^ 


^ oi^tfCOS 6 — <00^ — 


COp* 

2cDl|a 


( 


IHqP 

We* ! 


( 20 ) 


In the limit of d 0 this equation is similar to that obtained by Brinca (1972). 
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4. Frequency Spectrum and Growth Rate 

III order to obtain the frequency spectrum and growth rate of modulationally 
unstable whistler waves the expressions for a and J3 are obtained using equation 
(2) and the nonlinear dispersion equation. Since equation (1) is also valid for 
the normalized wave amplitude, we consider as the normalized wave magnetic 
field Hq, With the help of equations (2) and (20) the expressions for a and fi are 
obtained as 


a = 


aio(a> ceCOS 0 — coq) (coggCOS d — 4^) 




Wo 


2w2 


“j,e(cosd— ^ ) 


( 21 ) 

( 22 ) 


Using equations (21), (22) and the criterion (3) we find that whistler waves pro- 
pagating at angle to the static magnetic field are modulationally unstable when 




Wc^COS 6 


(23) 


This inequality gives the frequency spectrum of the modulationally unstable 
whistler waves. It is found that the uppei: limit of the frequency spectrum 
decreases as the wave normal angle increases. The expression for maximum 
growth rate is obtained using equations (10) and (22). 


Vm 


^o»|gol* 

2«,,/(co8 0 — ^ y* 

\ wm / 


(24) 


Using equation (24) tho maximum growth rate of modulationally unstable whi^ler 
wave with frequency / = 10 KHz and normalized magnetic field | Hq [ = 0-01 
has been computed. For this purpose, we have considered two ionospherio 
heights where the whistler wave during its propagation makes different wave 
nermal angles with the magnetic field. The ionospheric plasma and magnetic 
field parameters used for computation are given in table 1. 


Table 1. Ionospheric plasma and magnetic field parameters 


Height o>ii4 oict 

(rad/sec) (rad/sec) 

100 Km. 2-3x10'' 10'' 

»60Km. 4x10'' 8-8xl0« 
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Kgure 1 shows tho variation of maximum growth rate with wave normal angles 
at two ionospheric heights. It is found that the growth rate increases with 
increasing ralues of wave normal angles at a particular ionospheric height. 
However, the growth rate is decreased at the same wave normal angle if the 



Figure 1. Variation of maximum growth rate with wave normal angles at 
two ionospheiio heights. (Hegion 1 for 100 Km and II for 250 Km), 


ionospheric height which is characterized by plasma and field parameters is 
increased. The maximum growth rate is significant beyond certain wave normal 

angles and is seen to increase rather fast near co » 


4 
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5. Gondnsioiif 


Using the well known criterion and the nonlinear Schrodinger wave equation 
we have discussed the condition for the onset of modulational instability and 
have obtained the corresponding growth rate for a wave in general propagating 
through the dispersive and nonlinear medium. Accounting for the effect of 
relativistic mass variation of electrons we have derived the nonlinear dispersion 
equation for the whistler wave at an angle to the static magnetic field under 
quasi-longitudinal approximation. It is found that the consideration of relativis- 
tic effect of electrons induces the modulational instability for the frequency 


range o < 


iute cos 0 

4 ~-. 


The variation of wave normal angles is found to affect 


the upper limit of the frequency spectrum and the growth rate of modulationally 
unstable whistler waves. From the study of maximum growth rate at two 
ionospheric heights for different wave normal angles, it is shown that the growth 


rate becomes considerable after a certain wave normal angle. Near w = 


Wee cos 6 

4 


the growth rate is significantly large, which may cause the whistler wave to break 
into smaller pulsations. Thus whistler wave energy received on the ground 
may not bo a continuous function of frequency and may instead appear in the 
form of frequency bands. This explains the observed features of banded whistlers 
often times recorded at the low and high latitude stations. 
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I’he goodness of the pseudo NiJascin cpiantum numbers in the asymptotic limit 
IS tested by calculating the sin^e particle (contribution to the quadrupole 
moments in the pseudo scheme. It is found that, the ps(mdo 8ch(*mo also gives 
small values which aro very close to the values given by the real Nilsson scheme, 
thus indicating the approximate goodness of the pseudo Nilsson quantum 
numbers. 


1. Introduction 

The introductioTi of tluc psoudo spin aii<l psoudo angular luomciituni (piantmn 
numborH (Hoc:ht H at 1909, Atima el at 1969) has shown a way of considorably 
roduciiigtho tcalculatiorial labour in the shell model basis (Adlor 1969). It was further 
shown (Ratna Raju et al 1973) that associating a x>soudo major oscillator slioJl 
number N would naturally lead to the classification of the many body Nilsson 
states growing out of the single particle sxrherical sh.ell c^rbitals, according to the 
irreducible repiosoiitations of tlie pseudo SU(3) group. Therefore, the goodness 
of the pseudo SU(3) model rlexieiids irpoii the goodness of the pseudo Nilsson 
quantum numbers to a large extiuit. 

The approximate goodness of the pseudo Nilsson quantum numbers in the 
assymptotic limit to predict the magnetic moments, was studied (Ratna Raju 
et al 1973). However, a real tost would be to check whethoi the pseudo Nilsson 
asymptotic quantum numbeis would give only small values for the particle part 
of the quadrupolo moments, thus preserving the largeness of the core part. 

The core valuer is independent of the particle quantum numbers. TluTOfoics 
here wo have tested to see whether the single particle values given by the jrseudo 
scheme would agree witlr what th.e real Nilsson scheme would predict. The 
classification of the Nilsson orbitals as pseudo sj)in oibit doublets can be found in 
Ratna Raju (1973) and Rcddi et al (1975). 

*Fr(>sent address : Regional Engineering College, Warongal-606004. 
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2. Method of Calculation 

The Tsevdo Nilason Scheme 

Tho quadnipole luomoiit operator in the lab HyKtoiu it? defined an 
Qop “ 

where Qp giveb thcj contribution coming from the individual particle motion 
and Qc tiu^ contribution fiom tJui collective motion. Explicitly it is written as 
(Nilsson 1955) 


wJiero tlu! eflective chargt‘. can be taken as = 2 for protons and 1 for neutrons 
(Greiner ct at 1979). Ti\o summation in the first to'in runs over all the particles. 
In the real Nilsson Sclt<uii(^ the exjXK'tation value of Qc ca-n bo \Mitton trivially as 
(Nilssoji 1955) 


< I Qc 1 > 


3^^^/(/+l) ^ 
(i-M)(2i+3) 


where 


_ 


The commonly used deformation parameter d is simi}ly related to /J as 



TJie contributio]! from the core i.e., the collective part totally dominattjs tho 
particle part and in fact all tho quadiupole moments predicted by negle(»ting the 
particle part ai'e in excellent agreenumt with experiment. 

The core i^art is independent of the particle quantum numbers and as sucli 
it would give the samc^ contribution in both, the leal and pseudo Nilsson schemes. 
However, the particle part does depend upon tho individual particle quantum 
numbers and it is essential to see how it would behave in the pseudo scheme and 
to compare its contribution in the pseudo scheme with what we get in tho leal 
scheme in the asymptotic limit as well as for aetitaldeformation. For tliia purpose, 
wo decomi)ose Qp into irnduciblo components of spherical tensor operators in tl\e 
real and pseudo siiac-os. Makijig usi^ of the definition of the one-body operator in 
the secoml quantization language we can write 


UlU') I L o J 




(3) 
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wliere wo have nogloetod tb.o factor EejA^ sinco it is rmich loss than ono for all 
cases of interest. After t^valnating the matrix element, ( onpling the erealion 
and annihilation operators and pt^rforming m^tesKary transformations obtain 
the final expiession for the operator in tlie real .selu^me as 


Qp - 2^^ 


'jJK 

<j-4/n 2. ><«'««?> 

r i' i f 


^ I h :i 

•^0 Jq — 2 


, . L 5 J -2 

r^r-’-xail « '' « 


When We make the tran»Hf()rination to tJie pH(‘ii,(h) SeU(^m(\ llie n^al spin (4) and 
orbital angular moim^nta go over into tln^psendo spin and orbital angn.lar momenta. 
The ranks of the tensoi operator in various spaces would also go over int() the 

pseudo Lq and T]\e final expression can be writtcm as 

Q,J, =. 2/ij, S ( - 1 )/-i 1 + * ) \{2L„ -\ 1 ){2S, 11)1* 

uK, 

<j-i/n2<»> <«ri|r>/> 

f r I y ] 

i i I j (D) 

[ L„ :S'„ ./„ ^ 2 J 

T1uvh«i oporatorH aro explicitly evaluate"*! for tlu* iM’al iV — 3, 4 and 5 and tlu* pnondo 

N — 2, 3 and 4 Hindis. The results an* given tahles 1 and 2 nsspectively. The 

coefficients of various ttuisois aie lalndUsl as t __ __ ) in t he tallies. 

ri 

Tn the asj’-mptotic limit where the fleforination becomes very large, the Nilsson 
representation fiV w*A] provides a set of good (jiiantum nnmhers. Tn the pseudo 
Scheme also we expc*ct tlui pseudo Nilsson rei>ros(sitation [N w*A] t<i do the same. 
We start witli the unifi(sl-mod<>l wave funetiou foT the last (odd) nnehsm given 

by 



{ , 


A* 
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Table 1, Coefficients for the tensor t^rm of Qp 


wlioro 


Major 

oscillator 

shell 

r 

1 



Jo 

Oi'i 

N - a 

1 

1 

2 

(» 

2 

-3.1176 


1 

3 

2 

0 

2 

3.1749 


a 

1 

2 

U 

2 

3.1749 


3 

3 

2 

0 

2 

-3.8884 

N - 4 

0 

2 

2 

0 

2 

3.3466 


2 

0 

2 

0 

2 

3.3466 


2 

2 

2 

0 

2 

-4.1676 


2 

4 

2 

0 

2 

4.3028 


4 

2 

2 

0 

2 

4.3028 


4 

4 

2 

0 

2 

-6.3184 

N = 5 

1 

1 

2 

0 

2 

-4.6033 


1 

3 

2 

0 

2 

5.0911 


3 

1 

2 

0 

2 

5.0911 


3 

3 

2 

0 

2 

-5.6166 


3 

5 

2 

0 

2 

5.4160 


5 

3 

2 

0 

2 

5.4160 


5 

5 

2 

0 

2 

- 0.9041 


Note : The values in the last column are in the units of 


( 

\ mwo / 


= jO> 


and 




Wo can calculate the expwtation value of the ojierator given in eqn. 4 by 
making iiwo of tlie above wave function in the usual Avay. To evaluate the ex- 
pectation value c)f Qp in the pseudo Nilason Hcheine wo replacjo the real (ZAS) 

quantum numbers by the pseudo (I A S) quantum numbers. The wave function 
then becomes 


i A S '' 


I -A- 2 H s-U ' 



Pseudo quantum numbers 


271 


Tftble S. Coeflicionts for tho tensor term of 


Major 

oscillator 

shell 

y 

T 

£o 

So 


1 

N 2 

0 

2 

2 

0 

2 

2.6682 


0 

2 

2 

1 

2 

0.2349 


2 

0 

2 

0 

2 

2.6582 


2 

0 

2 

1 

2 

-0.2349 


2 

2 

1 

1 

2 

-0.199S 


2 

2 

2 

0 

2 

-3.2641 


2 

2 

3 

1 

2 

-1.406K 

N =“ 3 

1 

1 

1 

1 

2 

-0.0681 


1 

1 

2 

0 

2 

-3.7142 


1 

3 

2 

0 

2 

3.9982 


1 

3 

2 

1 

2 

0.8126 


1 

3 

3 

1 

2 

0.1079 


3 

1 

2 

0 

2 

3.9982 


3 

1 

2 

1 

2 

-0.8126 


3 

1 

3 

1 

2 

0.1079 


3 

3 

J 

1 

2 

-0.2822 


3 

3 

2 

u 

2 

-4.6194 


3 

3 

3 

1 

2 

- 1 .6833 

Note ; 'J’ho 

values in 

the last 

coluiiin 

are in 

(he units of 


{—•>.) 

' tnojo f 








Tn tho asymptotic* limit VN'hoii giv'^cvs a S(»t oi good ciuanlum numbors, 

tlm a ^ ^ ooc^flflcioTits to.ni out to ho Wxo tl•an^»tonuation oooffioionts from sphcn*ical 

T A £ « 

to tho cylindrical basis (Shaip ef al 1969) wliicb. can easily bo <^valuatt^l. Betoro 
wo calculate tho expectation value of the cpiadrupolc^ operatoi, wo translorm it 
into the body-fixed frame through tho reflation. 
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Table 8. Particle contribution to the total quadrupole moment 

Single particle contribution 

Nilsson Bepn. 

Real scheme 


Nucleus 

Spin 

Real 

Pseudo asymptotic 

Actual 6 

- Pseudo 
scheme 
asymptotic 

1 

2 

3 

4 

5 

6 

7 

'^^Br 

3/2- 

[301] 

[202] 

-0.0829 

-0.0753 

-0.0608 

eiBr 

3/2- 

1301] 

[202] 

— 0.0843 

— 0.0765 

—0.0619 

esRb 

5/2- 

[303] 

[2^1 

—0.1666 

—0.1428 

-0.1141 

^-^Rb 

3/2- 

[310] 

[202] 

-0.0884 

-0.0803 

-0.0649 

163]5„ 

3/2+ 

[411] 

[312] 

- 0.0524 

-0.0294 

-0.0634 

167Tb 

3 / 2 '- 

[411] 

[3T2I 

-0.0634 

—0.0299 

-0.0361 

169Tb 

3/2+ 

[411] 

[3T2] 

— 0.0639 

-0.0301 

—0.0364 


7/2+ 

[404J 

[37r3] 

-0.4777 

-0.4517 

-0.3717 


7/2+ 

[404] 

[smi] 

-0.4813 

-0.4661 

-0.3745 


7/2+ 

[404] 

[303] 

—0.4886 

-0.4619 

-0.3802 

181 Ta 

5/2+ 

[402] 

[303] 

-0.:i739 

-0..3614 

-0.2910 

i80Ke 

5/2* 

(402] 

[37kI] 

— 0.3794 

-0.3505 

— 0.2952 

107Ro 

5/2+ 

[402] 

[303] 

— 0.3822 

— 0..3591 

-0.2974 

lOlJr 

3/2+ 

[402] 

[3oi] 

-0.2170 

-0.1694 

-0.2080 

193Ip 

3/2-^ 

[402] 

[301] 

-0.2186 

-0.1706 

-0.2092 


5/2- 

[303] 

[^2] 

0.0060 

—0.0596 

-0.0477 


5/2 

[303] 

[2^2] 

— 0.0003 

- 0.0609 

—0.0487 

i^oOd 

3/2- 

[521] 

[422] 

0.0200 

0.0166 

0.0339 


3/2- 

1521] 

14^2] 

0.0201 

0.0166 

0.0.342 

loiDy 

5/2- 

1523] 

14^2] 

0.0339 

0.02:1c 

0.0621 

183py 

5/2- 

[523] 

[422] 

0.0342 

0.0238 

0.0626 

iG6i5r 

5/2- 

[523] 

[4^2] 

0.0346 

0.0240 

0.0631 

i7iEr 

5/2- 

[612] 

[41:1] 

-0.0700 

-0.0623 

-0.0666 

173Yb 

6/2” 

[512] 

[4T3] 

-0.0706 

-0.0628 

-0.0670 

J77Hf 

7/2“ 

[614] 

[4T33 

—0.1018 

—0.0889 

—0.0889 

leoos 

3/2- 

[612] 

[4T1] 

-0,0419 

-0.0237 

-0.0404 
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Wo can whow trivially that tho liiial cxpreHiiion lor the oxpootatiou value of the 
operator is given by 


< [J^izA]QlKM I > 

' (/M)(2/+3) ", . <V*'o«I^O> 


<fAL^o\rA'> 

^ 2(2J'+1) J . 

in tho pseudo sehomo. 

Actually, tlu^ coefficient s ^ ) of the vaiious tensors aio given in tho 

1' 1 

2fe }i 

units ol Sp. The values of — which conu^ into tlie calculation tlirough 


'ttlWn 


W(xJn 


tile expectation value ol the in the op(‘Tatoi' can sinn)ly ho evaluated as 


ft _ 

mwo N+ZI2 

The contribution coming from tlio particle part in the pseudo sclieme is compared 
witl) what we gid in the real scHieme in tahio 3. 


3. Discussion of the Results 

As can bo St>en fioni ta])le 3, the single i>articl(^ values i^redicted by the pseudo 
schoiiio are small, and in a groat majority of tl\e nuclei wh.ere tho deformations 
ate Well dehned, th(\V an*, very closi> to th.c real Nilsson values in tho asymptotic 
limit. lit tho table we have also companHl those values with tl»oroHitlts of a cal- 
(; Illation (^onsid(?ring tlu> actual deformation foi (^ach nucleus. 

Except in the case of nuclei w hjcii are rcpreSenteil by the pseudo Nilsson ro- 

pre»sontation [422], in all other cases tJu; values of tho pseudo Nilsson scheme are 
very close to the real Nilsson values. 
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Second quantization of generalized electromagnetic fields 
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Second quantization of generalized electromagnetic Holds has been done in purely 
reduced expansions of fields in terms of Foldy- Shirokov realizations of iri'odu- 
ciblo representations of proper -orthochronous inhomogeneous Lorentz group. 
Expressions for Hamiltonian and momentum operator have boon derived in 
terms of annihilation and creation operators and the Hamiltonian has been 
shown to consist of three parts corresponding to free field term, contribution of 
charge source densities, and the interaction term respc;ctively. 


1 • Introduction 

First exooptiou to the arguiuoiits (RoHonbaum 1966, Zwaiizigor 1966, Hagon 1966) 
against the oxinteneo of Dirac's inoiioiioie (1931, 1948) is the work of Schwinger 
(1966tt, 19661)), wh.o wliilo treating the Jack of expoii mental supjioft less serious, 
forinnlatt^d a relativisticalJy covariani qnantiiin field theory of magnetic charges. 
He put forward a hypothesis (joncerning a magnetic model of matttn* in terms of 
hadrons and dyons (Schv^ iiiger 1970, Yaii and Beden liarn 1970, Kim and Korean 
1972) giving some insight into the nature of hyperchargo and possible time reversal 
mechanism. Schwinger’s quantum field theory of spin — | magnetic charge was 
extended by Zwanziger (1968, 1971) to the fields of spin particles cairying 
both the electric and magnetic charges. Rwcntly Chiang {CPT201) has shown 
that a con.^^Lstont local Lagrangian field theory of magnetic inonopoles can be 
constructed by using the indefinite metric and concept of shadow states (Nelson 
and Sudarshan 1972a, 1972b). 

Considering the generalized charge as a complex quantity with electric and 
magnetic charges as its real and imaginary parts, we could derive (1970a, 1970b) 
the roduct>d expansions for generalized electromagnetic fields asBoeiatod with 
spin— 1 particles carrying the generalized charges. In these reduced expansions 
derived in terms of Lomont-Moses (1967) and Foldy- Shirokov (1966, 1968) reali- 
zations of irrtKlucible represontations of proper, orthochronous, inhomogeiUKjus 
Lorentz group the assymmetry present in the reduced expansions (Rajput 1969a, 
1971) for ordinary electromagnetic fields have been removed. By choosing a 
suitable Lagrangian density (Paikash and Rajput 1976) to yield generalized field 

♦On leave from Physios Department, Kurukshetra University, Kurukshetra 
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equations, the symnietry properties and dual invariance have boon demonstrated 
(Parkash and Rajput 1977a) undoi the rotation and reflection in charge space. 
This La^rangian density lias also been used to derive the expression for field 
Hamiltoniaii and it has been sliown (Parkash and Rajput 1977b) that the inter- 
action between the generalized charges depends on their electric and magnetic 
coupling parameters. 

In the present work the Second quantissation of generalized electromagnetic 
fields has bt^en done in purely relativistic group th.eoretical Loreiitz covariant 
manner on replacing in tlu^ roduccKl expansions of field operators the amplitudes 
by annihilation operators and tlunr comphfrx conjugates by creation operators. 
Ill tills theory ol second quantization, th<5 two four -potentials have been introduced 
for the specification of generalized fields and the use of arbitraiy aaid controviu'sial 
string variables introduced by Zwanzigi^r |i968, 1971) has been avoided. The 
commutation rules for field operators have derived and it has been shown 
that in general the lo(;ality can not be achfevt^.! in these commutations and that 
the effect of making simultaneously the cJiarge mul current source densities vanish- 
ing is the same as that of sc^ttiiig the mass equal to zero. The expressions for 
Hamiltonian and momentum operators have been derived in terms of anniJiilation 
ane ereation ojierators and it has been sliown that the total Hamiltonian consists 
of three parts corresponding to free field Hamiltonian, contiibution of charge 
source densities, and the interaction term resi>ectiveJy. 

2. Reduced expansions of field operators 

Assuming the geiu^ralizod charge (Rajput and Parkasli 1974a) as a complex 
quantity witli electric and magnetic charges, e and (j as its rc^al and imaginary parts 
i.e. 

q =- e—i(j, (2.1) 

the following expressions liavtj been derived (Parkash and Rajput 197G) lor goiie- 
lalized electromagnetie fields assuciatiKl with spin —1 generalized charges; 

//(x) = — V9^»+VX-«4 (2.2b) 

where the components of electric and magnetic four-potentials {A^} — (i4, i^e) 
and ^ (B, i<l>g) have been introduced to avoid the use of arbitraiy and con- 
troversial string variables (Zwanziger 1971). Reduced expansions of the compo- 
nents of those four -potentials in terms of Poldy-Shirokov realizations of proj>er, 
urthochronoua, inhomogeneous Lorontz group, has already been derived in the 

2 
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lollowiag term in oui earlier paper (Rajput aud Prakaah 1976) by comparing 
oqnH. (2.2) with tlie reducwl expanaions of generalized electromagnetic fields 
obtaiiwfd on substituting our reduced expansions of scalar (Rajput 1969b) 
and vector (Rajput 1969c) Helds for iion-zero mass systems into Epstein's (1967) 
results; 


+ J ^ /i‘''(p)oXpL — t(p.JC— U><)J J 

and similar expression for J8(x) with e replaced by g, 

liTJi*'’ “pWp 

aiui tim similar oxpressioJi I'or witii c r('X)la(;ed by g, v\ju5ro/(p) - /(n^, p) js iiu‘ 
ropresoniation of wave-function of iJarticle of mass m and spin —1 in the basis 
cJiai actijrizod by the Hillieri space upon wJ\icii tlio geiKvrators of inJiomogeiieous 
Lorentz group operate; A(p) = — p); the si)ace-timo four-comx)onent 

Xiosition vector; o =:^ fe — 1; and a>(p) ~ (m“ ( w. 

Generalized electromagnetic ludds may also bv written in terms of iJioh 
longitudinal and transverse parts, 

E(x) = EHx)+E^(x) (2.4a) 

H(x) = HHx)+Hnx) (2.4b) 

from which the reduced expansions of longitudinal and tiansverso parts of genera- 
lized fields may bo readily derived. The transviuvse pajts oi' fields are specified 
by two transverse vector x>otentlalH giveJi by 

A^(x) - V X J I)(x-x)H^(x^)dx' (2.6) 

i D{x-x)Enx^)dx^ 

D(x-x) - o*P(*P (*-Jc')J. 


(2.3a) 


(2.3b) 


whcio 


(2.6) 
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tSulj.stitiiting tJu! mliuini expansions of transverse fields in tJtesc' equations, we 
get the following rcslueod expansions for transverse poeiitials; 

[ i^p {{V - '"'^ 4 '”’ - 

Xexpfi(p.jc-a>/)j 

\L e> p® J 


X exp f— i(p.je— tu«)] I j 


(2.7) 


and 


-I sip ] -r«p.x-« 0 H ( 2 . 8 ) 


Lagiangian d('Ti.sity for tl\o ^(^noralized elotdrn magnetic? fi(^ldH may Ix' writton In 
tlu^ follnwing form in tornis of fonr-pol(mlials : 






(2.9) 


wlioro a and /? arc^ r<‘aJ xiositivo parainotcM S. Tlxis Lagrangian density lias })oon 
shoAvn in rmr (»arli(^r pap<u‘ (Rajj)ut and ParkasJi 197B) le yield tlie .siiital)J(? gonera- 

o 

lized Max\^ell lit^ld equations under tlu^ indejiendiMit variations of and Bf^. 

Replacing tht) anixilitudes f(p) and h(p) in the corresponding nKluced ex- 
pansions by annihiliation opinators and their compk^x conjugates by creation 
operators, we get the second quantiz^nl nnlucod expansions for field opc^rators, 
four -potential operators and tlu‘ transverse^ pot(/ntial opeiators. 


3, Commutation rules for field operators 

Using the second quantizcnl reduced (expansions for all tlu field operators, 
their commutation rules may bc^ d(*riAvd by assuming Bose statistics for the 
annihiliation and creation operators of giuK^ralizttd fields associated with spin 
— 1 particles, sucli tliat all their (commutators vanish (except the following : 

L/(p, A),.r(p', A')l oi<^(p-p 
fA(p, A), A*(p', A')] - w8{p--py,,/ 


(3.1) 
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Then thd (ollowiiig equal tinus commutation rules for the socoml qiiantizinl opera- 
tors ii(x) tuid II(x) re adily be dorivod using thou reduced expansions; 


E/x')] = Hy(x')] - [Et{x),H/(x‘)1 ^ 0 

and 

1E,*(*), H,(xO] - lE,(x), H/(x')] 

' (*“»') j* 

WIUM’O 

iW = (2j[i / ^ '"’P* 


(3.2a) 


(3.2b) 


(3.3) 


In tile absorieo of magnetic charge (or tliat of eli'ctric chargif) lliis commutation 
rule rwluccs to the usual local commutation rul(i derived earlier (Parkasli and 
Rajput 1974) for the ordinary el<wtromagn(>tic fi(»ldh for non-zero mass system. 

For th(' tranHVors<^ olootromagnotic fi<dd operators E^(x) ^*'^’<1 H^(x) wogcl 
EyT(x)] - \^s'^(x), H^r(*)l - fEjTi*), H^^rix)] - <» {3.4a) 

and 

[E<T(;e), Hyr(*)l = [E,3’(x), 

^ ^ (3.4b) 


whtcdi also reducos to usual commutation rule in t}\(^ absence of magnetic cJiarge 
(or eloctiic charge). The simplification of this commutation rule and that given 
])y oqn. (3.2) to the usual form may also bo done by putting m ^ 0. 

For tile second quantized transverse potential operators given by eqns. (2.7) 
and (2.8), wo got 


ri,T(x), ij’’(x')] = = f/i^*(x), A,T*(x')] = 0 

\Bir*(x), BfT(x')] = [/<®’(j^). ^(x')] - [ir<Jc). = 0 (3.6a) 


fyfnx), Sfix')] = r^r(jc). Hx')] 


fijfW.* 

Tii* 




(3.6b) 
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whero D(x'-x ) givon by oqn. (2.b). Tliis niJe also r(‘clu(*i^s t-o tUo usual local 
ono for g 0 or c — 0 oi* m — 0. Similarly, wo 

[tfixl A)^*(x')] - )] 

■“ ^ Jq \ A(ac~Ac')} 

which rodiico to tho usual iion-Iocal commutation lulos for ft = (1 or <7 = 0 or 
m ~ 0. If wo imi)oso tho n\striction p f{p) p.h*ip) “ 0 (i.o. (^Iwtric and mag- 
netic charge source dc^nsitios are made zaro) in addition U) ft — 0 oi </ — 0, only 
then these commutation rules become local. 

For the longitwlinal se(?ond quantiz^l field opca^ators, we got 

imx), = ''-f Mx-x') (3.7) 

which also reducers to the usual one for ft ^ b or g - 0 or m ~ b. 

Ft is obvious from all these commutation rules that in the presence of both 
tb.e charges on a particle, neither parallel nor jierpendicular components ol elocdric 
and magmatic field operators commutes. Tt is also obvious from tlie commutation 
rult^s (3.4) and (3.5) thai the locality can not 1)(‘ achieved in general in the commu- 
tation oi’ transverse field and pohMitial operators and that the efi’ect of making 
simultaneously th(» cdiarge and ciurent source densiticss vanishing is the same as 
that of making the mass vanishing The same conclusion has also been derived 
earlier (Parkash and Rajput 1973) l>y considc^iing the effect of Maxwidfs field 
equations on eleetromagiu4.ic fields for non-zero mass syshmi. 

4. Hamiltonian of generalized fields 

Roducwl expansions of siM.ond quantizisl opeiators for tlu' compoiumts of gonera- 
lizcxl four-potential defined as 

(4.1) 

may be readily deriv«l from tlie quantized rtn^luctHl expansions (2.3). These opera- 
tors obviously satisfy tlu^ following wave equation : 

(v^- '^-2) 

and therefons the Hamiltonian density of tJie field under eonsid(>ratif)n is written 
as follows (Roman 1969). 

H(a:) = i |r'‘*(a;) 

0-0 
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Substituting tho quantizcnl f (»rlu(*(Hl expansion of F^(a;) in this equation and cal- 
culating its vohnu(> integration, wc, get tlie following (expression for tlu^ field 
Hainiltoiiian : 

dp [{/*(p)/(p)+A(p)S*(p) 

, {p..f*(p)}(pV (p)H(p-ft(p)}(p *-*(p)} 1 (4.4) 

(co + wO* J 

A. ys A. 

Tn tlu^ absenc<e of charge source deimitu^s W(e luive p-/(p) " p /*{p) ' pMp) 
~ p-^^{p) — tlien the (expression (4.4) rtHinces to 

TI - //y - idpff*(p. A)/(p, A)-l 7.(p, p, A)1 (4.5) 


Let ns introduc(i ncew cremation and annihiliation opTalors 
'^*'*(p’^)^ ^>*(p.A). a(p, A) and />(p,A) such (hat 
a{p, A) (D'^^fip. A) 

^Kp, ^) ~ <o~'^h(p. A) (4.5a) 

wliich satisfj^ tine following commutation rule 

Wp, A), U*(p', A')l - \h{p. A), h*(p\ A')] - fnp-p')e^A^A' (4 

Then equation (4.5) n^luces to 

T1^ - tj dpoAa*(p. Xyf(p, I 7>(p, )<)h^(p. A) I (4.7) 

whi('h is th<^ usual expression for free' field Hamiltonian. Hamiltonian givtut by 
(^qn. (4.4) may also tie written as 

N-H^+Hm (4.8) 

wimre Hy is the fr( o field Hamiltonian deiived above, and II m giv(ui tiy 

rfm - ,f 4wf«*(p. »')«(p.i)+fe(p, »>*(p, j)]l (4.9) 

ia the contribution of tempoi al part of four-pot^mtial op(M atoi‘ { F,,} or equivakmtly, 
it is the contribution of charge source densities. 

Adding one more term, (corresponding to the interaction between the field 
and four-current, to tluj expression (4.8), the total Hamiltonian may be written 
as 


H - Hy+HM-Hj 


( 4 . 10 ) 
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where the iJi tor action part II j lia.s been oalfulated in ajiothei* papei’ (Paikash 
and Rajput 1977) Iroiii the «(>toiid pait of Lagraiigian dontiity (2.9) in the foJlewhig 
form; 

^j(x) ~ ^ S ;; 

iji-l CO L 6U V 

{2>iPA<i*{p, iHp>j)+Hp> i)(>*(p,j)i I j- (4.11) 

If charge source deusities vanish, the total HaiuilUmian boconios 

H - 

"A ^ 

finally, the luonientuiu ol‘ tlie s^^steiii may be calculaUxl by clioosiiig following 
momentum dcMisity in terms of the components satisfying eipi. (4.2); 

(4.13) 


A 

Substituting tlie i*(»duced expansion of and integrathig tJiis expression, Wo 

get the A:-tii coiiiponeiits of momontuiii o£>erator, 

pk -.-.j ‘^P [)/np)7(p) I A(p)A*(p)j 

I {p-/*(p)}{p./(p)M lp.Mp) }ip>(p)} ] (4.14) 

(to J 

from which wo get the following expression of momentum operator in the case 
of vanishing charge source densities: 

I dp p[a*(p, A)a(p, A)+Mp, A)6*(p, A) | (4.15) 

x-i 

which is the usual expression for momentum operator. In this way without 
using the arbitrary string variables (Zwanziger 1971) and simply by intioduiiing 
two four-potmitials we could do tlie S(»cond quantization ol generalized electro- 
magnetic holds associated with spin ~1 pai tiokvs carryuig botli electric and magne- 
tio ohargeB. 
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Dobyo tonii)oratureH of silver and aluminium have been determined by X-ray 
diffraction using a special furnace (Pathak and Vasavada 1969) from room 
temperature upto about their meeting points with methods due to Paskin 
(1967), Chipman (1960) and Maredudin and Flinn (1963). The anliarmonic 
contribution to the Debye temperature upto about 900 K for Ag and 700K 
for A1 is shown to arise essentially from thermal expansion. The values of 
the anharmonic parameters yo potential energy function of Willis (1969) 

are determined and found to be —0.965 x 10-^=^ erg A-* for A1 and — 1.286 x lO-^^ 
erg A“^ for Ag. 


1« Introduction 


Variation of X-ray Dobyo toiupoiatxiro Sm with tomi>oraturo fi)r Ag has boon 
invoBiigatod by many workers notably by AndrioHSon (1935), Boskoviis et al 
(1958), Sproadborough and Clu'istiau (1959), Haworth (1960) and Simerska (1961). 
A similar study for Al has b(Hm carried out by Owen and Williams (1947), 
Chipman (1960) and Flinn and MiMamis (1963). Wo havo invostigatod the 
variation of Dobyo temporatnr<? Qm with tomperatun^ J’or both metals upto tho 
melting point. 


2. Experimental 

The experimontal procodun^ is fully doscribod by Pathak and Vasavada (1970). 
Tho motal powders wore prepared by filing and passing them through 350 and 4(K) 
mesh sieves. TJxo metal powders wore mixinl with a small amount of binding 
material and wore annealed in argon atmosphere. The profiles of linos 311 and 
331 for Ag and 331 and 420 for Al were recorded on a chart recorder and plani- 
motered. Tho background was dotominod by a method doscribofl by Mitra and 


Miara (1966). 

Tho basic equation from which the X-ray Debye temperature @m w calculated 
is (Pathak and Trivodi 1973) 


A’ 


mK 

12^2 ■(l-/y)sill2^y 


[,„/ 


-In 



Mo _ (1) 
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where 1 and /q are tlu* measured integrated intensities at temperatures T and T 
and 0 is lh<» Bragg angll^ rjr and B' are respectively given by 


¥ 


^ / 


ujdu X 
■ + 4 


jB' -- NpP 


1+cos^ 20 

coH ^ 


w3xt?rc X — ®mIT, N Ik tho niuubor of unit coIIb irradiatoil, j> is tho multiplicity 
factor and / is tho atomic .scattering factor. 

The quantity (1—/?) takes into account tho ono-phonon thermal diffuse 
McatUnniig (TDS) contribution to the mea.sured intensity according to Chipnian 
and Paskin (1969), The quantity fi for an f.c.c. crystal is given by 


1 I IT \ a cos 0 

"A— 


A 


where a is tho lattice con.stant and A is tho kjngth of tho straight line background 
oxpros.sed in radians. 

it ({an bo Soon from equation (1) that tiio value oi' Om at different temperatures 
can bo found only if 0 m ^^t some roferoiico tempt^raturo (say room tc inpiTatunv) 
is known. In this investigation tlio value of 0 Mo computed by three niotliods : 
(i) Paskin's (ii) Chipman’s and (iii)Maradudin and Flitnfs. 

According to Paskin'.s (1957) method, if the temperatures variation of Om is 
due to thermal expansion, the plot of \i\(J jl^^) versus the r(^duc<^<l temperatures 
T'[-- T(a/r/Q)®^] slu»uld be a straight line and the value of Omo obtained 

from the slope of this line. 

In tho Second method Chipnian (1960) used the fact that Debye temp(u*atui (^ 
Versus T curves as determined from the elastic constants are approximately linear. 
Hence if one plots a family of Om versus T curves with a S(u*itjs of arbitrary values 
of Omq. on({ caji assume that the curve with the Hmallo.st curvature is tho comK;t 
one. 

Maradudin and Flinn consideied the effe(*t of anharmonicity of the lattice 
vibration.s on tlie Debyo-Waller factor. The relation obtained by them for an 
f.c.c. metals is 

0-^M (i{l+/^T) ( 2 ) 

In this (Hiuation tlie quantities a and jti are coiistajits indopendont of tempora- 
tuie and it holds for P > Om- For temperatures T and Tq we can wriU> 

_ 1 

Q^m 1 f 


( 3 ) 
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By inserting equation (3) into (1), and rearranging we get 


B 

fo-f+T, 


©Mo® ^ 0Mo®(l +/'2’o) 


(T+r,) 


W 


T. and T, are minor correetions. Plot of «/(3'„-T I t.) against 3' ! r, should give 
a straight line with intercept 1 //>mo® »"<l hIoik- /r/fWC t7'3’o). Thus mo “« 
hence Om versus T can bo found. 


3, Results and Discussion 

The plots of Uk 

porat^if^' T'{T* = T(aTl(f'ii) 


intensity at room temperature) versus reducwl tem- 
. . ._.j 2 . Behye % 


for line 331 are given in Pigs. 1 and 


TEMPERATURE I'K) 

300 700 1100 1500 



. ,u«d in Pies. 3 and 4. The values of % in the 
at different temperatures are pre. e ^ gjj and 

plots are averages “orrespom 5 6. Tn 

420 for Al. Comparisons • present investigation as obtained 

those figures, full Une shows the results tm, i 

by Chipman’s method. 
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Siiico t\u-. i)l«ts of Uiilrlln) versus reduced temperature T' (Figures 1, 2) are 
Htniiglit liMow iij)to .d.oiit;i l(t<)K (reducwl) for Ag and 800K (reduced) for A1 it i» 
evident that the anhannonic contribution to the Debye Om upto these tenipira- 
tures (ioinos essentially from thermal t^xpanaion. 


TEMPERATURE ("K) 



Fig. 2. Plot of tomporaturo dopendenoe of tljt* quantity 
Inilrlln) for 331 rofloxion vf A1 
Xlnilq^lln) vorfliis abaoUite temperature 
©ln(fr///j) versus reduced temperature 


Tlu‘ goiioral oxproHKioii diu* to Willin (1969) for the potfiitial of tlio A’-tli atom 
in a cubic crystallino field is given by 

VKiViUoU,) - To t 

+7Kr*+8K {Th*+V,*+U^*—^r* ) (6) 

U'lioro — = 0 when the atomic site coincides with the 

(?ontro of symnn^try. Sf^ is the anisotiopic l^rm taken to b(^ jn the present 
( aso. 



DEBYE e(®K) 


Dehye temperature of silver and aluminium 


287 



3. Plot of Dobye 0 (avorago) versiiH tomperature Ag:/C^ Paskin’s [method; 
O Chipmati’a method; (3 Maradudin and Flinn’a^method 



Fig. 4. Plot of Dobye 0 (average) versus temperature Al:^ Paskin’s method; 
@ Chipmaii's method; E3 Maradudin and FUnn’s method 
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240 
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TEMPERATURE (®K ) 

Fig. 6. Plot of Debye B versus temperature 
Ag: 0 Boskovits ct al; O Simerska 
A Spread borough and Christian; 4 Ho worth; 

□ Audriessen; — Present work (Chipman’s method) 
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300' — ^ l_ 

•00 200 300 400 500 600 700 600 900 

TEMPERATURE ("K ) 

Fig. 6. Plot of Debye 0 versus temperature 
Al:0 Flinn and McManus; O Owen and Williams; 

A Chipman; — Present work (Chipman’a method) 
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The potential parameters a and y ate temperature dependent, their relations 
with temperature being given by 

1 = 1 {WyaxT) 

OL CC^ 

or a = ao(l —2yaxT) 

with a similar expression lor y. Htii'e a„ is the value of a in the absence of thermal 
expansion and it is assumed that 'lyfjx'J-' < < 1 • yc the Gruneisen constant and 
X the volume coefficient of expansion. 

Now 



2\B{T)~Ji(Tu)\ 


(d) 


TEMPERATURe (*K ) 

300 400 500 600 700 600 900 1000 1100 1200 



Fig. 7. Plot of logarithm of integrated intensities from Ag versus tomporaturo. 
Experimental points are shown as circles. Curve A was calculated using 
the harmonic Debye- Waller theory. Cmve B was calculated using the 
quasiharmonic theory to include the effect of thermal expansion; curve C was 
calculated using the onharmonic theory accounting for both thermal expansion 
and quartio anharmonicity. 
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Hole B{T) is the Dehyo- Waller factor at temperature T and Tr ia the room tem- 
peratun*. Willis (1969) has shown that 

B{T) = BHT) [ 1 +^’ ( 2xyG-20KB 

whoro it 2 ? is tho Boltzmann constant and B^iT), tho harmonic factoj, ifi given by 

( 8 ) 


Figs. 7 and 8 represent the plots of (A/sin Oy^ In {ItI^r) versu»s T. Experimental 
points aro plotUxl as chclos. Tho ciirvo A corresponds to the harmonic Debyo- 
Waller theory. Curve B is drawn using equation (7) in its quasi-harmonic form, 
that is by retahiing the thermal expansion term but putting yoloc^^ “ 0. Curve 
C represents the anharmonic form of equation (7) with 7o/^o^ ~ — 0.076 X 10^%‘g“^ 
for Ag and — 0.064 X 10^\)ig~^ for Al. These values are chosen so as to make tho 
anharmonic ciuve pass through the experimental points at highest temperatures 
where the influence of anharmonicity is greatest. 


TEMPERATURE (^K ) 

300 400 500 600 700 800 .900 10( 



Fig. 8. Plot of logarithm of integrated intensities from Al versus temperature. 
Experimental points aro shown as oircles. Curve A was calculated using the 
harmonic Debye -Waller theory; curve B was calculated using the quasiharmonic 
theory to include the effect of thermal expansion; curve 0 was calculated using 
the anharmonic theory, accounting for both thermal expansion and quartic 
anharmonicity. 
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Tho harmonu! parainotors a„ wore caloulatod from equation (8) and wro 
found to bo 4.140 xlO-'Vgl ^ f^,,. S.SOSxlO '^orgA * for Al. Thoso 

values give = -1.285xlO-i2orgA Mor Ag and -0.955 x IQ-^Vg k ‘ for Al. 

Tlu! value ol B (T) lor Ag was obtained from Singlt. and Sharma (197 J) and 
that lor Al from Prakasli and Hcnikar (1974) The Gruneisen constants were 
taken from Kittol (1959) and the expansion coefficients from Pathak and Shall 
(1978). 

4. Conclusion 

Debye LemptiratuiiiS ol Ag and Al are deterniiiUHl using X-raj^ technique and a 
specially desigiUHl lurnace. Tlie anh.armonic contribution to the Dehye teiupi'.ra- 
turo upto 9(X)°K lor Ag and 700°K for Al arises essentially from thermal (>x- 
pansion. Tlie anharmonic parameter y„ of tlio irotential function of Willis is 
determined for tlu' two metals. 

financial asKistanco to oik* of ll^ (NPH) by the ( loinunl of Scit^ntilic and Indus- 
trial Research is grate. Fully acknowledged. 
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A study of the rate of diffusion of some gases in 
thin layers of gold 

N E Abdel Aziz and iS S Kishk 

National Institute of Standards, Giza, Egypt 
N Farag 

Physics Department, Faculty of Science, University t)f Cairo, Giza, Egypt- 
lioooivod 5 April 1977, revised 27 Soptombor 1977 

Diffusion of gases through gold layers of different thicknesses, evaporated on 
a porous material of Egyptian clay as support, has been investigated at room 
tomporaturc and at an inlot pressure of 460 l^orr. The? gases used are hydrogen, 
nitrogen, argon, carbon dioxide, air and oxygon. It is found that the rate of 
diffusion of a gas through a gold layer doi>endB on the pressure of the gas as 
well as its molecular weight, and also on the thickness and the area of the gold 
layer. 

1. Introduction 

Diffubion of gasos througli metals usually oeeuvb if the gaH is apparently bohihlo 
in the metal, Thib diffusion occurs as volume diffusion, grain fiuundary diffusion, 
or ink^rface diffusion. 

Smitliolls and Raiisiey (1935) studied the diffusion of gases through different 
metals in tlu^ form of tubes at different high teiupeiatures. Straight lines wenj 
obtained avIkui the logarithm of the rate of diffusion was plotted against the reci- 
lirocal of tlu? absolute temperature. At high pressures, tlie rate of diffusion w as 
found to vary linearly with tile square root of the pressuri'. TJ\ey showed that the 
rate of diffusion {q) of gases through metals depends on the solubility (K) of the 
gas within the metal, the area (A) of the metal, the diffusion constant (Z>), the 
thickness (d) of the metal, the pressure (P) of the gas, and the absolute tempera- 
ture (T) according to the equation 

q= PiTk-bol^, 

a 

whole is a constant, 

8cH3ger (1955) showed tJiat, for diffusion along interstitial sites in face centered 
cubic crystals, such as gokl, the following relation applies at constant absolute 
iemptraiuro and solubility constant 

D = i/aVV*^ 

292 
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whore V is tho jump froquonc> of t])o gas atojus (it is inversely proiK)rtioTia1 to tli(‘ 
square root of the molecular weight of the gas), a is tho lattice constant, S is tlu' 
entropy, Q is tho activation energy, and k is the Boltzman’s con>stant. 

The authors (Farag et al 1977) studi(‘fl th<i diffusion of gases through thin 
layers of silver. Tho found a pi oportionality b(‘tW(Hm the rat(^ of diiiusion (q) 
and — V'^ 2 )y 'vvherc Pi is tlie inlet pressure of tlu^ gas and P 2 is th(* outlet 

pressure. 

2* Apparatus and Procedure 

Tho apparati’.rs used in thc^ present work is ah.own in figure 1 . It (*.onsists of two 
cylindrical tubes A & B, of pyrox glass, conncctcHl together by mi'ans of a ground 
joint. A idoUsIkkI disc (7>) of Egyidian clay of suitabk^ x>t>rosity is us«^l ns a sux>poit 
for tile metal lay<H\ this disc is fittc'd tigld ly to tl\o ground joint C. 



A - InJct tube of about 335 cx- in volume. 
C = Gloss joint. 

G = Evaporated metal layer. 

£ 4 fT a Outlets- 

Fig. 1. Tho Apparatus 


B ’ Outlet tube of about 260cx. «n volume. 
0 - Clay disc of about 4.52 cm In diameter, 
r Sealing wa*. 


The apparatUF is evaci.ahsd and the hydtoget* gas is allowed to flow at a 
steady rate to tin- tube A till a pressure t»f about 450 Torr is re ached, then tho gas 
supply is stopped. The gas then diffuses through tlio metal layer aud the clay 
to the evacuated tube B. Both the inlet and outlet pressures are measured suc- 
cessively at (Hiual intervals of time until the pressure in .‘.aeh tube bworaes nearly 

constant. 

Tho apparatus was trusted for und.-sirable loakages from the atmosphere; 
no leakage was observed. This showtsl that th<. diffusion of the gas took place 
through tho gold layer only. 

Tho of tho met.U loy.» wa, .tudwl l.ofoio a..<l aftw diffuaion hy an 

optical mioro«topo of m.«ni«cat.i™, 800 X. Election micrograph, vroro alw 
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using an rlccitron inicioscjope J\aving a n*solving powur botwoen 20 k, 30 
and niaximuin niagnificralion of 30,000 X. 

3. Results 

Th.v- n^lalion bt't\v<'cm the tinio and tho outlet j)^*esMure was plotted for every gas 
and for tli(‘ different tJueknes.seH of the gold layer. Fig. 2 represents the pressure- 



0 20 40 60 80 100 120 


Tfme(fnln.) 

Fig. 2. Tlio relation botwoon the iinio T in minntos and iho outlet profl«ure 
P 2 in Ton* 

time ii’lation in t};e case of u/goii. From tlieH<.‘ ciuves the iaU‘ of diffusion q 
(Torr. inirr was calculated and a family, of cmrvta showing the relation betwoi-n 
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was pl()tt('(l fo! (‘Vory gas and for tlu* diff(»rcnt tliicknessiv^^ 
fig. 3. »Straigl\t lines were ol)tainod showing a pr()pt>rtit)naliiy between q and 

"^he alope oi eaeh liiK^ was obtained giving tbe value (KAT)ldT)T> 
where rfr is Ih'^' total effective* thie kness in nun. The reciprocal of' tbjs slopes 
kad)t was obtained for diffi^rent tJ»ioknesses and different gases. 



The total effindivo thj'ckiu ss (dr) was tlvm jrlotted against (dTjKAD)T for 
diffeieiit gases, straight lines were* obtained sliown in fig. 4. Tlv^ slopti of c^ach 
of these lines gave the value (A"^i)) whkdi is oharactc^ristie for the gas used. 
Finally the value {KAD) was plotted against, when* A/ is the molecular 

weight of the gas; this yieldc*d a st?aight lino as shown in fig. 6, 
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Fig. 4. The relation between the total effective thickness (cfT) and the value 
{dTiKAD)T 


Tho ac(*nracy in determining q was ealculated and was found to bo 5%. 

4. Discussion and Conclusion 

The present results show tl\at tlie diffusion of a gas in a metal usually occurs as 
a result of the absorption of the gas into the metal from one side where the con- 
centration is high and then released on the other side where the pressure of tho 
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Table 1. The relation between reciprocal of square root of molecular weight 


of gas and KAD (gold) 



Gas 

Molecular 

1 

KAD 


weight M 

VM 


Hydrogen 

2.0159 

0.704 

3.2893 X 10-» 

Nitrogen 

28.0134 

0.189 

1.1674xl0-» 

Oxygen 

31.9988 

0.178 

0.8620 XlO-s 

Argon 

39.9480 

0.158 

0.7911x10“'^ 

Carbondioxide 

44.0099 

0.161 

0.6476x10-5 

Air 

— 



1.2076x10-“ 



weight of the gas and the constant (KAD) 

gas is low. Thin may appear from the study carried out on the surface oi the luet/al 
layer by the olootron microscope which shows that the pressure of the gas tends 
to make the metal layer more adhesive to the suiface of the supporting clay. 
This is in aggr cement with the previous results (Hulbert and Koneony 1961). 
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The present icNsults sliow tliat the rate of diffusion q is proportional to 

'^alues of Pi bcitwoon 26() and 460 Torr. This agrees with the 
relatioji suggested by (jther investigators (Silberg and Bachman 1968). 

The results obtained in th.e present work show also that the diffusion constant 

I) and th(“ solubility K oi the gas are inversely proportional to -\/M, whore M is 
the inoleeular weight (jt tlie gas. Tliis may be .suggestiKl from the linear relation 

between the vahu (KAD) and 

It appears also from the present results that tire rate of diffusion of hydrogen 
is great(!r Uraii that ot nitrogen, oxygen, argon, carbon dioxide and air. This 
agrcHis with the it^sults obtaincsl by Landiwkor and Gray (1954). 
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Anderson transition in Lai^^r Sr^; VO3 

A K Shukla* and Arunava Gupta 

Department ol Chemistry, Indian Institute of Technology, Kanpur- 208010 
(Received 29 August 1978) 

Electrical resistivity and thocfiaopower measurements on Lao.asvSro.ioVOj 
clearly show the occurrence of Andoi'son transition in this material. 

1. Introductioii 

Mott (1972) pointed out that the syatem Lai^a-Sr^-VOa could be a case of 
Andeitfion transition (Rao and Shukla 1976) with a minimum metallic conduc- 
tivity, the disordei arising from the random positions of and Sr^ ^ . This 
disorder is sufficient to localize the wave function at the Fermi level in the 
vanadium 3d band when x is small. Electron transport properties of this 
material reported in the literature (Dougicr and Hagenmuller 1975, Sayor ct al 
1975) show some differences. Thus, the therinopower measurements of Dougier 
and Hagenmuller (1975) indicate that when x is between 0-05 and 0-1, the 
thormopower increases with decreasing temperature. However, when a; = 0'15, 
the thermopower decreases with decreasing temperature suggesting variable 
range hopjjing mechanism. Thermopower measurements of Dougier and 
Hagenmuller (1975) were, however, carried out only upto tlOOK and do not show 
the change in mechanism from variable range hopping to excitation to mobility 
edge as pointed out by Mott H al (1975). Electrical resistivity data on 
La^.a-SraiVOa (0-1 < .r < 0-2) of Sayer et al (1975) show tlvat hopping 

behaviour only at very low temperatures, although we would have expected 
this behaviour to hold even upto 300K in accordance with the ihermopower 
measure me tits of Dougier and Hagenmuller (1975). Such correspondence between 
thermopower and resistivity data has indeed been found in the analogous 
Lui_^,Sra.Co 03 system investigated by Rao and Om Parkash (1977). In view 
of these difficulties wo considered it worthwhile investigating electron transport, 
properties of La^.g^^Sro-isVCa which should clearly show the Anderson 
transition. 

2. Eiperimeiital 

Lao.ssSro.isVOg was prepared starting with an appropriate mixture of I-^agOg, 
SrO, VOg and VgOj, all of better than 99-9% purity. SrO was obtained by dc- 

♦Present Address : Solid State and Structural Chemistry Unit, Indian 
Institute of Science, Bangalore-560012. 
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composition of SrCOg at 1270K. VgOg was prepared by reducing VgO^ in hydrogen 
atmosphere at 1270K for 12 hours. VOg was prepared by the arc method. The 
starting materials were thoroughly mixed and ground in a mortar. The mixture 
was pelletized and placed in a mortar. The mixture was pelletized and placed 
in a quartz tub^ Avhioh was connected to the vacuum line. The sample was 
lirst heated at 1270K in vacuum accompanied by periodic hushing with dry 
Argon. The quartz tube containing the sample was then sealed and heated in 
a global* furnace for 52 hours at 1570K. The resulting specimen was high density 
sintered pellet. Four probe electrical conductivity and thermopower mcasuro- 
monts were carried out using the apparatus fabricated in this laboratory. 


3. Results^ and Discussion 

The temperature variation of electrical resistivity of Lao.yr^Sry.uj'VOg is shown as 
a log V.S plot in figure 1 . W(' see that there is a slight break in the curve 



Figure 1. Plot of logarithm of resistivity (log P) against for 

ha().e5Sro.j5V O3. 


around 330K which may indicate a clxange in mechanism from variable range 
hopping to transport at Be. Thermopower measurements (Figiu’e 2) show that 
around this temperature there is a change in slope. This behaviour is similar 
to that found by Rao and Om Parkash (1977) in Liii^^SrajCoOg (Ln = Pr or Nd). 
The change in slope of the thermopower — temperature plot can bo understood 
as follows : 




25 




5 


10^/ T. k' 

Figure 2. Plot of thormopowor against mniprooal of tomporaturo for 

T-»Q»o • c»o . 1 5 VO3 . 

In tho hopping range, the behaviour of tlierinopowei\ S. is given by Mott 
and Davis (1971), as, 

S == {n^l^)(k^Tle)(d In orldE). (1 ) 

With S inereasing with increase in i-emperatiire. Substituting 
(T a'oexp(— WlhT), 

we obtain, 

^ % e dE dE ] ^ ' 

Tf the transport is at Ee, th<»n S will decrease with increasing T as shown by 
Cutler and Mott (1969) : 

S = -f [{{Ee-EF)im+^l (3) 

Since, in Lao.ggSro.igVOa we would expect the above mechanisms to be operating. 
Depending on the temperature, there should be a significant change in the slope 
of the thermopower — ^temperature plot as a consequence of the change in mecha- 
nism of conduction from variable range hopping to transport at Ec> It is also 
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interesting that the temperatwe around which we find the change in slope of 
thormopowor in close to that below which T~^i* law behaviour of conductivity 
is observed. These results confirm occurrence of Anderson transition in 
The tompfrature upto which the variable range hopping regime 
extends is indeed surprising. It is |M}Ssible that the frequency dependence of 
a.c. conductivity is more characteristit; of Anderson localization than 
dependence. In Ijao.gjSrQ.iBVOj wo find the frequency dependence only at very 
low temperatures as also observed by Sayer el al (1975). 
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The theory of elastic dielectric has been applied to obtain the expressions for 
the strain derivatives of the static dielectric constant f)f the solids crystallising 

in Os Cl type structure. The calculated values of the have been found 

\eo dp) 

in excellent agreement with the experimental values for both silver and thallium 
halides which also provide the values of the W^tpki which may be helpful in 
analysing the experimental data. 

1. Introduction 


The .study of tJu» ditJoidric bohaviour of the silver and thallium lialides has Ihhsi 
a subjoed of ^rcat iiitorest for thtj last ten years. In both Phillips’ (1970) and 
(TC)yars(197(>) lomoitif Soale, these solids )\av<* been sliown as possessing low value 
of tho fi actional ionii; charaebu . The values of llu' static dieliK*tiic constant for 
tlialliuni halide solids (TICI, TlBr) art* mu(‘h larger than the values for the silver 
halide solids. Similarly the values of the (diatige in Cq with pressure (Samara 


19f)8) are very large. 


However, the experimental values of 



(Samara 


J968, Lowndes 1972) for tliesc*. solid.'^* (TICI, TlBr, AgBr) are very close to the valuoi- 

for alkali halides. In fact, these exiK>rimental values of ^ ~ an^ related to 

the strain derivatives of tl\e static dielectric constant as given in Srinivasau 

and Srinivasan (1972) whic?h is as follows 


I de, 1 

TJierofore, in order to study the aliovo mentioned exjK^ri mental similai-ities 
of silver and thallium halides with alkali halides, it i.s necessary to analyse the 
trends of variation in tho values of W^ifkiof these solids with an appropriate theory. 

Recently Goyal et at (1977) liave given the lattice theory of elastic dielectric 
based on Toupin’s (1963) and Srinivasan’s (1968) theory which studies the strain 

♦ Work supported by U.G.G. (India). 

Department of Physios, B.S.A. College, Mathura (India). 
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opticjal oonstants of’ silvw and thallium halidos. ThoSo solids have dif- 

f’oRjnt typ*^ oT tht^ iattiros. Tii<^ foriiior have tht) lattuM^s while the latter 

p().ss(^ss h.c.c. lattices. Howt^ver, the evahiatioii of the W^ijjd require the kyow- 
ledgo of sov(;ral other elomeiitH wliioli we miml for the coniputaton of p'^tjtkh We 
have tri(^(l to derives all the elements in the present study. The derived theory 

1 dc 

can be used to <^valuat(i W^ijki and - of tlu^ silver and thallium halides. Tlio 

6q (Ip 

theoretically evaluated vahu^s of W%kl uiay be helpful in analysing the various 
exper ii \ ii>n tal studic ■ s . 


2. Theory 

The strain d(?rivatives of tlie di<^l(M*t ric. constants are defined as 


W 


i 47T(7[y,ii] 


( 2 ) 


where is tlu^ diel<HdJ‘ic constant temsor and yjjti are tile Lagrangian strain (iompo- 
nents. The coinptiiients Gij.kl aie ilu^ linear coefficient of variation of thc^ com- 
pommts of tile (electrical susc<eptibility tdeiisoi Xtj d< ‘formed and polarised 

state with tlu^ did'oimation paiamcter fjd whi(?h can Ix^ (^KpnmHl as 

G'ijykl ' 

wluae 

PH,ki ■ - I i ii\)[\i,an](if>){lih,pj\\aii.fih,kl\ 

>’ XP aa fib 


— tk^jl I 

^ e{X)m,pi]e(p), (3b) 

\n 

The Greek letters represent the type of Lon and small k^ttcMS ij etc. represent th<i» 
Cartesian (xmipommts. Fn cubic crystals there are thrive independent values of 
the dielectric tensor. The corresponding factors are givcm by 

n 1 ^ ^ e(A){Aa;, xjc}[ocx, fix, xx]{px, px)e.(p)-~W^^ (4) 

XP «/5 

^11. i-i = — 2 ^ S e(A)(;\a;, xx}\ocx. fix, y/.vK/?*. (f>) 

•' AP afi 

^12. 12 ^ — I ^ ^ e(A)(Aa:. aLx)[ax, fiy, xy\{fix, px} 6 {p)— 0 ^^ 

1^“ AP afi 


( 6 ) 



Static dielectric constant 


m 


In the notation of Srinivasan and Srinivasan (1972) A, p, a and /? take the values 
2 and 4, e{2) -- ^21^1 and c(4) — Thus vvitii the Jielp of equations (2-6) 

the values ol j can be evaluated. If A, />, a luidy? take 

the values 4 only tlien tlie above equations will give tlio vajiies of the strain deri- 
vatives of the high freqiiency dielectric constant lF°®ii ,22 and 

whicli will give the values o! tlie strain o 2 )tical constants using the J elation 

P^ihki-- ( 7 ) 

^00 


3. Calculations 

Tlio equations of the sJneai' luodulii and dieUioti Je lUJi, slant for Na(JJ and Cs(Jl 
structuroa needed for the evaluation of tim model pai-aiuett>rs ai’o given below : 
NaCl strw^ure 


C 


wlieit* 


OsGl istrwltirc 
V 


6\, - 

4a^ 

[ -5.338 


(8a) 

ri 

^44 — 

c- 

4a‘^ 

[2..550 t 

t 2 

] 

(9a) 

a, - 

4a^ [ 




(10a) 


11 T J. ' r 

. dr^ 

J r-a 


I 

4tt** [ 





ul, ~ 

I 

. df^ 

r*^a 



B, - 

4a'^ r 
6^ 1 

1 d,j>,{:r) 1 

, ' dr 



..4., - 

4a^ 1 

m2(r) 1 

L dr^ \ 

’■-“n/2 


(I la) 


4a® j 

o2 j 

1 <?9ijj(r) 1 

. r dr Jr-a ^2 


(12a) 

C^12 = 

4a^ 


■4-41 


(81)) 

^'44 - 

4a'^ 

j^-0.35(»5 1 

f] 

(9b) 

0^=.- 

16a® 

62 


)1 


(10b) 
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whoro 


^ ^ 16a* r d‘‘(f>i(r) T 

^ e* I dr* Jr^o^g, 

16a* r 1 d^,(r) -i 

' [r dr 


, . 8a* rd*^,(r) ■] 

~ «* L dr* .1, 

^ _ 8 a* r 1 d^a(r) i 

^ " c* L »• dr 1,^ 


Tn view ot tile rec^ent stiidies (Baklishi et al 1977) of the interacjtiou system 
if) the solids imder study, the short range next nearest neighbour interaction 

C D 

potential <j),i{r) is cjonsidered to be of van der Waal’s type i.e. (j><^(r) = 

The expressions for the optical virbrational frequency wr o centre, 

Lorontz-Lorenz relations in the framework of simple shell model of Woods et al 
(1960) are given a‘i follows 

3 e^-^l 
4n 6„+2 


Ys{A^-\-2Bt)S 
if* h{A,+2B,)S 




\ 47r / e„+2 

\c* / 


whore 


— 1 (NaCl structure) 
S ~ 4/3 (CsCl structure) 


3. Results and Discussions 

Tho values of the model parameters {Aj, A.^, B^, B.^, C^, 1'* and iC*) have been 
determined with the help of above seven eqs. (8-14) using the experimental elastic 
constants from Huntington (1968), optical data from Lowndes and Martin (1969) 
and C and D from Bakhshi, Goyal and Jai Shanker (1977). The values of the 
parameter are arbitrarily chosen. The model parameters are given in table 1. 

1 de 

The values of Tr®yj|:i and -- ^ have been evaluated with the help of equations 
(1—7) using the evaluated model parameters. The computed values of 
and ~ are given in table 2. 

Co dp * 



btdtic dielectric constant 


m 



6 



308 


V Kumar and S C Ooycd 


'J'able 2, The calculated values of the and 

So \ dp 


Crystals 


aa 

IS 

«o \ dp) 

1 — (-A 

cal. eo \ dp/ 
experimental 

AgCl 

196.918 

- 10.838 

9.043 

-1.392 

-1.36±.06 

AgBr 

190.042 

9.299 

26.026 

-1.609 

-1.66±.06 

TlCl 

- 16.712 

281.560 

299.181 

-1.78 

-1.81 ±0.6 

TlDr 

- 85.634 

288.211 

308.226 

-1.811 

-1.77 ±.06 


1 de^ 

It i« onoouragiiig tt) note from UMn "2 that the calculated valuoH of the 

^0 dp 

iu silver and tlialliuni Jj.alidefci are in exc*(>llent agroement with the experimental 
valueii. It ifc? striking to note that the evaluated values of are larger than 

the values of If 12 and If ®i 2, 12 ni cast- of thi^ silver Ixalides, however, in case of 
the thallium halides, the values of ai'e smaller than tlu^ values of other two 

components. Hence, it appears tliat under the uniaxial strain these two halides 
show the distinct dielectric behaviour vvhicJi is also appaj’eiit from theii experi- 
mental lattice dynamical and dieleetrical (Lowndes and Martin 1969) studios. 


Therefore, we may conclude that although tJie silver and thallium halides 
aie eonsidered to be ionic solids, even then they show very distinct behaviour 
in the variation of the static dielectric constant with pressure in the different 
dii’octions. 
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Electrolytic colouration decroas€W the eh>ctriral conductivity of pure and Pb- 
doped Kt/1 crystals in tho oxtrinfiic range. The decrease is higher in Pb-dopod 
crystals compared to pure poiateium chloride. The extrinsic conductivity of 
the coloured crystals decreases j&irther upon removing tho colouration. After 
colouration pure KCl crystal tlevelops a strong F band and a weak but distinct 
M V)arid. But in the Pb-doj)ed crystal iho F-band is very weak and no M band 
is formed at all, Tho charaetoristic Pb"*""* ion absorption band reduces oxtromely 
and a broafl band develops in th<* ultraviolet. These results show that Pb"^ ^ 
ions arc* more efficient in trapping electrons than negative ion vacancies or 
inherent Ca-^ ' ions of the pure crystals. Tho divalent cation impibitics pre- 
cipitate' to some extent into metallic f>hasc during electroivtic colouration. 


1. Introduction 

The formation of F and F aggregate centres in alkali halith*! erysf-als by (dcKdrolytie 
eoJoiiration d<*pt‘iKis >'e-ry iiiueb. on flu^ naturi^ <'md eone(‘nt!*ation of divaj(dit 
cations pres('nt in th(^ (U’ystal prior to eolon.ration. Optical absorption nioasn.rc'- 
meiit.s (Radhakrislina and Chowdaii 0)72) have slnmn that aggregate centres 
like Zi centic^s which cKunprise of divalent cations, cation vactanc'ies and T centres 
are, 1‘ornu^l in ek^(;trolytically eolonr<-d KCJ crystals doped witli Ca+'+, and 

{^|. 1 + ions. Again th<^ divalent Ph ’ ' ions of tlie Pb-doped crystals («Tain, Radlia- 
krishna, vSai, 1969) and Cd++ ions of Cd-doped crystals l\av(. })e«m found (Jain, 
Sootlia, Jain, 1968) to trap electrons during colouiation when tJieir vakmey is 
roduccKl. Tile mtd/hod of production of F centres liy electrolytk^ colouration 
requires that the crystal should be ciueiiched from colouring temperature. It is 
known (Koar and Pratt 1959) that wlien an uncoloured KCJ crystal is qmuiched 
from sv.eh higli tfunpe^rature, the th.tu'jnally pro(hic(Hl and impurity indue(Hl vacan- 
cies coagulate during quenching process resulting in tho formation of clusters of 
vacancies and dislocations. The divalent cation impi^rities also coagulate in 
the form of clusters consisting of impurity- vacancy dipoles and vacancy pairs 
(Bhuniya 1977). But when F centres are present in the colcmred crystal, the 
coagulation of vacancies and impurities during quenching is likely to bo different. 
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T]i(‘ coairulation of impurities will also depend on wliethoi* tliey trap ele(;tron»s or 
not Tlio aim (d* tin* prosoni paper is to study the conversion and coagitlation of 
divalent cations of KCl crystals u,pon elecjtrolytic colouration. Since the extrinfiic 
conductivity of the alkali halide ( rystals depends very nmcli on the presence of 
diva)(*7it cations in tlu^ crystal lattice so the measurement of extrinsic conductivity 
together with optica] absorption of electrolytic ally coloured crystals will help 
the pixrpose. 

2. Experiment 

Potassium c)il(>rid(* crystals ])oth pure and doped with PhClg were grown in the 
la])orat()ry hy Kyropoulos mctliod. The exp(^rimental details for electrolytic 
colouration ]\aAn* Ihmui given in a im>vious x>aper (Bhuniya and Muklierjc^e 1975). 
A pot(‘ntial difference of 140 volts per (un. was applied for colouring pixre KCl 
crystals while for (loloiiring the doped sami^Ies, the pokmtial difference applied, 
was 1 60 Volts per cm. Eletdrical conductivity of oolourtHi and uncoloured crystals 
has Ix'en iiu^asured in the temperature rangt^ from 100 to 600^0 both during heating 
and crooling. Optical absorptions of the samples have been measured in the wave 
length r<^gion from 220nm to lOOOnni. 

3. Results 

TJie electrical conductivity of KCl crystals aft^r electrolytic colouration is found 
to l)e l(^ss than that of the his grown* crystals throughout tin* impurity range vhile, 
a small increase is obseuwed in the intrinsic range (Pig. 1). Tlxe conductivity of 
th<' coleured crystals, at temperatures above 300'^0, exhibits a fast decay with 
time at a particular temp(n-atur(‘. Tlut decay disapp(‘ars at about 000"C wlu^n 
the conductivity of the coloured crystal attains the saiiu? value as that of tlu^ 
his grown’ crystal. Upon measuring tlie conductivity during cooling, it is found 
to liavt* tile same condu.ctivity as the crystal before colouration in the intrinsic 
raug(^ while the t'xtrinsic conductivity is Jess than that of th(^ ‘as grown’ or of the 
coloured crystal during Jieating, 

Th(^ optical absorption spectrum of tlio elec trolyt legally colouied KCl crystal 
sh,ov\'s th(^ prominent F-band at 560 nm along with a W(^ak M band at 820nm 
(Fig. 2). Upon annealing at temperatures nhoVo 300"C, tlie F band decreases 
and the M band disappi'ars with the development of the colloidal band wliose 
maximum absorption is at 780nm. The effect of t^loctrolytic colouration on tluj 
P))-doped crystal is also shown in tlie 6gure 2. The characteristic absorption 
band due to Pb^ ^ ions at 273nm is considerably reduced and appears to bo ro* 
placed by a broad and diffuse region of absorption on tlie long wavelength side 
of tlu* band. The F band is also formed but not as prominently as in the case of 
undoped crystals and the M liand is not formed at all. Heat treatment at 250^^0 
rediu (^s 1 and Pb ' ^ band as well as the broad band in the neighbourhood of the 
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< band, Tho (crystals >s<) troatod hIiow ratliw pronounced abnorption in the 
waV(*l(Uigih region boJow 2407ini and in the long wavelength side of tJie 3^^ band. 



Fig. 1. Klootrioal oomlnotivity of KOI r.ryslals liofore and afior oleotmlytic 
colouration at 65(V’0 
a) O O O KCl as grown 

h) AAA KOI olootrolytically rolonrod, during boating, 
o) X X KOI electrolytically mlourod during ooooling 


Tb.o eloetrioal conductivity of KCl crystals increastss in llie extrinsic^ region 
upon doping vvitl\ Pb^ ' ions. Elecdrolytic colouration (le(;reasis t)»<' conductivity 
of th(^ Pb-dopcd crystals V(^ry much thrf)Ugb.out the temiXTatim^ range investi- 
gated i.e. from 100 to (WK^C (Fig. 3). Unlike tlu^ el<‘ctrolytically <,olour(d potas- 
sium cliloride, tb.est^ (irystaJs exhibit a long jKTiod d(‘cay of condiudivity at a 
parti(ndar teinpc^rature Ixdow 300^0- Th.e roaditigs for figure 3 b wen** taken after 
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allowing thp curroiit at eacli teniporatnro to decay for about twenty minutes. 
The eurrent J\as been measured as a function of time at a particular temperature 
in the region where it decays and is shown in the figtire 4 as plots of logio^ vs. t. 
Wh.eri th.e oleetrolytically eolourwl Pb-doped crystals are annealed at 300°C and 



Fifr. 2. Optical absorption sjiootra of KOI and KCI : Pb crystals after oloctro- 
lytic colouration at 650'’(y 

a) KOI E -coloured 

b) KC. E-coloured after annealing at 300®C for one honr. 

c) KClrPb as grown 

d) KChPb E -coloured 

o) K(1;Pb E-coloure<l after heating at 250®C for one hour 


^^l<)wly (.uxilod, tlio conductivity of tJ\o crystals is found to hv much lower durinj? 
cooling than during heating, Ft dotNS not chang(‘ further while heating th.e tuinealed 
crystal for the second time*. The slope* of the curve increases and tends to have 
the sarm^ value as for the rest of the curve of figure 3b which corresponds to an 
activation energy of 1.75 ('.v. The annealing not only decreases the conductivity 
hut also removes the long period d(^cay exhibited by the crysta below 30()®C. 
The conductivity of the same dopt^d and coloured sample was measured during 
heating to 600°C and cooling from this temperature. During cooling, the con- 
ductivity of the sample is found to have the same value as that during heating 
upto 30()°C. BeloAv this temperature, tlu^ conductivity curves of the crystals 
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aiiiiealod I'roui 600°C and 300'"C roseiublo alike, the latter behig slightly liigher 
ill (jonductivity. 



Fig. 3. Electrical conductivity of KChPb crystals after electrolytic coloura- 
tion at 650®C 

a) O O O KCl:Pb as grown 

b) 000 KCl:Pb E-coloured duiing heating 

c) XXX KClsPb E-coloured during cooling form 600°C 

d) □ □ □ K01:Pb E-coIoured duiiug cooling from aoO'^C 

4. DiscusBion 

At the temperature of electrolytic colouration ol KCl crystal at 650 C, largo number 
of positive and negative ion vacancies (2,2x10^^ per c.c., calculated from the 
data given by Kelting and Witt 1949) are produced thermally. The negative 
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ion vaoaiicioH irai) olocition.s producing ¥ centios. So, to maintain charge neu- 
trality an cj(|ual niiinber (d* tliernially produced positive ion vacancies must dis- 
ajipear from tlie crystal lattice. A fraction of the inherent divalent cations also 
trap electrons when their valency is reduced. The positivi^ ion vacancies cor- 



t(lN MIN.) — ► 

Fig. 4. Decay of current in electrolytically coloured KCl:Pb crystal at dif- 
ferent teperatures 

a) ISO^’C 

b) 180®C 

c) 230®C 

responding to the iuiimrity ions which have trappeti electrons must also move 
out of the crystal. Tl\o disappearam^e of the cation vacancies takes place quickly 
due to their high mobility at such. ttmiiH^raturos. Wh.en thi^ colouration of the 
crystal is compleU* at 650 ""C, it contains a large concentration of F centres, a frac- 
tion of the divalent cations with valency reduced and the rest in the form of dis- 
sociated impurity vacancy dipoles. During the quenching process most of the 
F centrtss remain isolated (1.5x10^’ per c.c. calculated from the present expeii- 
mont using Smakula formula) while a fraction of them coagulate amongst them- 
selves leading to the formation of different types of F aggregate centres viz. MM,N 





316 


Properties of doped KGl crystals 

etc. of which M centres produce the strongest absorption band at 820nm. Aggre - 
gation of I centres with divalent cation impurities and cation vacancies gives 
rise to Z type of centres. Since their numbers are small and their absorption 
maxima fall on the long wave length side of the F band, they do not produce any 
distinct absorption band in the absorption spectrum. That divalent cation im- 
purities and cation vacancies are trapped during quenching after colouration can 
bo seen from the observation that althou^ they remain separated in the coloured 
crystal they do not coagulate during sub^quent annealing producing a decay of 
current as is observed in the quenched crystal (Bhuniya 1976). Since some of the 
divalent cations trap electrons during colouration, so the concentration of impurity 
induced positive ion vacancies decreases inthe coloured crystal which decreases its 
conductivity in the extrinsic range. The higher value of the conductivity of the 
coloured crystal during heating compared vto its value during cooling may be due 
to two reasons. Firstly the divalent calion impurities of the coloured crystal 
are converted into monovalent or metaBic phase by the capture of electrons 
produced by the ionisation of F and F-aggregate centres during the heating process. 
Secondly, the electrons produced by the ionisation of F and F-aggregate centres 
will also provide a contribution to the conductivity of the coloured crystal (Jain 
and Sootha, 1968). The F-contres coagulate above 300*^0 to form colloids. The 
electrons produced by the thermal ionisation of colloids contribute to current at 
such tompeiaturos so that the intrinsic conductivity increases (Jain and Sootha 
1968). 

The inherent divalent cation impurities of the undoped KCl crystal are mostly 
Ca ^ ^ ions. Upon electrolytic colouration, the relative decrease of Pb"* + ions of 
the Pb-doped crystal is much more than that of Ca*^+ ions of the undoptni crystal 
which is soon by the relative decrease of their conductivity. The decrease of Pb ‘ ^ 
ions can also be seen from the observation that the Pb * + ion band at 273nm 
reduces extremely after electrolytic colouration. The thermally produced anion 
vacancies are of the same order of magnitude (2x 10^’ per c.c.) in both Pb-doped 
and undoped KCl crystals at the temperature of electrolytic colouration viz. 
650°C. But th.o concentration of F centres is much more in the latter (1.6x 10^’ 
per c.c.) than in the former (8.5x10^® per c.c ). This shows that Pb+^ ions are 
better traps for electrons than negative ion vacancies or Ca++ ions. The Pb++ 
ions of the Pb-doped crystal also trap elections during X-irradiation converting 
into centres like Pb+ and Pb® (Sender and Sibley 1964) when the Pb"^*^ ion band 
decreases. These centres at temperatures above 200°C loose the trapped 
electrons and convert into Pb++ ions when the Pb++ ion band regains (Sender and 
Sibley 1964). Since the Pb+^ ion band of the electrolytic ally coloured Pb-doped 
crystal does not regain upon thermal treatment at temperatures above 200^^0, 
it is likely that the Pb impurities of the crystal are not in the form of isolated Pb+ 
and Pb® centres. The low concentiation of F centres indicates that only a small 
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fraction of thorraally produced anion vacancies trap electrons comptdling an 
oqiial niunbor of cation vaijancioa to diaappoar during oloctrolytic colouration. 
As the bulk of the thermally produced vacancies remain in the crystal during 
colouration, tlu’fy form cluatora consisting of impurity vacancy dipoles and vacancy 
pairs which will bo continually formed and destroyed. These defect sites are the 
easy path of electrons during colouration when Pb'^^ ions will trap electrons 
forming Pb Plv and Pb~ centres. Since the clusters may contain a number of 
Pb^ ^ ions, tJ'.eso centres will remain coagulated. Further coagulation will tak(j 
place during quenching so that most of these centres will be in the colloidal phase 
in the (coloured crystal although a few of them can remain isolated. The broad 
absorption band in the ultraviolet may bo due to the colloidal phase of Pl)^, Pb*^ 
and Pb" centres. Annealing from high temperatures removes the broad band of“ 
thi‘ ultraviolet and developcs a band due to metallic lead (Topa el al 1969, Jain 
cl al 1969). For the development of the metallic lead from Pb+ eentros, the latter 
liave to trap electrons during annealing from some excess electron centres like F 
and Pb centres. Since the concentrations of such centres are small and the 
(5olourtxi crystal still contains some Pb^"^ ions, so thc^ trapping of electrons by 
Pb^ ions during annealing is extremely negligible. Hence the metallic lead must* 
1)0 fornuMl I'rom the colloids of Pb® and Pb centres and the absorjUion in the 
wavelength region from 240nm to 42()nm which decreases upon anealing scorns to 
be due to colloids of Pb®, Pb ~ centres. 

A small fraction of Pb+^ ions, even after colouration, remain isolated as well 
as in the form of clusters with vacancies. The isolat<*d impurity ions form clusters 
with vacancies during subsequent annealing at lower temperatuies. The decrease 
of the Pb^ ^ ion band of the coloured crystal after annealing at 250 ’C shows tliat 
the Pb+^ ions of the crystal trap electrons released from F eeiitre.s or Pb ('oiitres 
during annealing. The impurity ions convert into Pb+ centres (Pb® and Pb~ 
centres will not be formed as their formation requires tlic presence of high con- - 
contration of free electrons in the crystal) when the clusters turn into aggregate 
centres consisting of Pb+ ions and vacancies. These aggregate centres develop 
an absorption band at 216nm (Jain ef al 1969). In the present experinuuit ab- 
sorption could not be measured below 220 nm and the increase of absorption 
in the wavolngth region below 240nm of tlie coloured crystal after annealing seems 
to be due to the development of the band of these aggregate centres. During 
annealing colloids of Pb® grow further in size and precipitate as metallic lead while 
those of Pb~ loose electrons forming colloids of Pb® which may also precipitate in 
the metallic phase. 

The decay of the electrical conductivity of the electrolytically coloured Pb- 
doped crystal at temperatures below 300®C can be divided into two regions. In 
tJie lower tomperatnic region formation of clusters by coagulation of free impurity 
ions and cation vacancies gives risc^ to the decay. At higher temperatures, the 
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oleotroJiH released from Pb‘ and F ceJitres will contribute to current. They will 
ueasu to eojitribute soon as they are trapped by Pb^ ^ or otlier trapping cent res 
The current will decay witli time during annealing wlieii Pb" and F centres aT(» 
destroyed.. Moreover, b(H;aus<* ot tl\o trapping of electrons by Pb’^+ ions, the 
impurity induced positive ion vacaneies will diffuse out of tlu* (uystal which will 
make th.e current to decay. The same value of th(> conductivity during heating 
and cooling at temperatures above sl\ows th.at excess elwtron ccuitres 

like F and Pb aie destroyed below this temperature. 
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The electron paramagnetic resonance of divalent Mn“ ' ions in the I'utton salts 
M''Afa'(Se 04 ) 2 . 6 H 20 , {M" = Mg, Zn and M' = NH^, Rb) single crystals has 
been observed at 298K. The Mn^+ is found to substitute divalt3nt cation sites. 
The spectra have been analysed using the spin -Hamiltonian appropriate for 
rhombic symmetry. 

!• Introduction 

Tho Tutton Halts with the general formula M"Mi/ (X04)2.6H20, where M" is a 
divalent c?ation (Zw, Mg, or an ion of the 3d group), M' is a monovalent cation 
(K, Rb, Cs, T1 or NH4) and X = S, Se, form an isomorphous series of compounds. 
Thc^reforo, it is easy to prepare solid solution of paramagnetic Tutton salts in 
diamagnetic ones over a wide range of relative concentrations often from zero 
to 100 per cent. These solid solutions have been the subject of numerous electron 
paramagnetic resonance (EPR) investigations on iron group ions (Althshuler and 
Kozyrev 1964). In the present paper we report EPR study at 298K of Mn^+ 
incorporated into Mg(NH4)a (Se04)2.6H20 (MASoH), MgRb2(Se04)a.6H20(MRbSeH) 
Zn(NH4)2(Se04)2.6H20(ZASeH) and ZnRb2(Se04)2.6H20(ZRbSeH) single crystals 
for the first time. 

2 . Crystal Structure 

An X-ray study of the structure determination of the Tutton salts was made by 
Hoffmann (1931). The crystal structure of Tutton salts is monoclinic with space 

♦Visiting Research Officer, on leave from Department of Physics, Indian 
Institute of Technology Kanpur, Kanpur 208016, India. 
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group P2i/a. The crystallographic axes (a, 6, c) are approximately in the ratio 
(3, 4, 2) and the angle is aboxit 106°. There are two formula units jier unit cell. 
The two inequivalent divalent cations in the unit cell are situated at the points 
(0, 0, 0) and (J, O'il others are in general positions. Each divalent 

cation is surrounded by a slightly distorted octahedron of water molecules. 
Although the detailed structural studies are available only for crystals of ammo- 
nium Tutton salts, the isomorphism of the Tutton salts, however, leads one to 
assume that bond distances and angles in the hydration shell of divalent cation in 
the Tutton salts studied are not very different from those in ammonium Tutton 
salts. 

3« Experimental 

Single crystals of Tutton salts doped with Mn'-^t were grown by slow evaporation 
of aqueous solution, at room temperatnjpe. The Mn^^ were introduced into the 
lattice by adding a small amoiint (0.1 percent by weight) of manganese suFato* 
The experiments were performed on a Vttrian V-4602 EPR Spectrometer, operat- 
ing at X-band, provided with lOOkHz field modulation. As a reference for 
magnetic field strength the resonance line of DPPH with g = 2.0036 is used. 
The magnetic field at DPPH resonance was measured with the help of a Varian 
Model F-8A fluxmeter while the frequency of proton signal is measured by Sys- 
tronios type 701 frequency counter. 


4. Results and Discussion 

For an arbitrary orientation of the magnetic field, a complex spectrum corres- 
ponding tt) two identical but differently oriented Mn*'* ‘ complexes is observed in 
MASeH, ZASeH, MRbSeH and ZRbSeH. When the magnetic field is varied 
in the ac plane the EPR spectrum shows only one set of five sextets (AM — ±1, 
Am == 0 transitions). This is in conformity with the fact that the ac is a mirror 
plane perpendicular to the b axis, in which two divalent sites becomes equivalent. 
Thus, it may be concluded that the Mn^* ion enters the Tutton salt lattices in the 
divalent sites and magnetic Mn(H 20 ) 8 ^+ complexes are obtained. The principal 
axt\s of the two inequivalont Mn^+ complexes were obtained by getting the extrema 
in fine structure spread. The spectrum at 298K for magnetic field along the 
principal z axis of one set of equivalent Mn®^ complexes in ZASeH is shown in 
Fig. 1. The angle between z axes of two inequivalent complexes in all the 

crystal studied is given in Table 1 . The results of other Tutton salts (Baleaney 
and Ingram 1951, Ingram 1953, Janakiiaman and Upreti 1970, Kasthurirengan 
and Navalgund 1975) are also included in this table. Study of the spectrum’s 
angular variation showed that the crystal field symmetry is orthorhombic. Fig. 2 
shows the angular variation of the fine structure transitions (AM — ±1) the 
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Figure 1 . EPR spectrum of Zn(NH4)2(Se04)2.6H20:Mn^^ single crystals at 
:J 98 K; with H parallel to z axis of one of the magnetic complexes of 



Figure 2 . Angular variation of the allowed fine structure transitions in the 
zx plane of the one of the magnetic complexes of Mn**+ in 
Zn(N{l4)2(Se04)9,6H30 single crystal^ 
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zx plane) of the one of the complexes in ZASeH. Similar curves l\ave boon 
found for tlie isomorphous crystals MASeH, ZAScH, MRbSeH and ZRbSoH. 
The similarity of these curvets in the four host crystals is indicative tlxat tlu^ local 
onviroiimont have the same symmetry, with the spectra differing only in tlie 
magnitude of thi) splitting. The observed orthorhombic spectra for MASt»H, 
ZASeH, MRbSeH and ZRbSeH for sample temperatun? of 298K were fitted to 
a spin-Hamiltonian (Chowdari and Venkateswarlu 1968) 

\~gzS2^*^z) \ ] l)| | - V- 

+(a/6)[AV-t- !)! 

i^ATzS^+BI^S^+CIyS^ 

whore the syjubols have their usual iuoaning and for S — J 5/2. 

Magnetic field measurements wore made for th.o allowed lines along and x 
axes. No measurements could be made along y axis since the lines are all mix(Hl 
together and consequently the various transitions (jould not be distinguisluHl. 
Therefore, it was necessary to assume that B ~ 0 and g^ = gy (for Mn^^ gy values 
and liyperfino splitting is nearly isotropic) in the calculations. Using the above 
spin -Hamiltonian, the Mn^^ EPR spectra are analysed and the values of the best 
tit parameters, thus obtained are listed in Q^ablol. For comparison, the spin- 
Hamiltonian parameters of Mn^^ in other Tutton salts (Bleanoy and Ingram 
1961, , Ingram 1953, Janakiraman and Uproti 1970, Kasthurirengan and Naval- 
gund 1975) are also included in this table. The signs of the paiameters (given in 
Table 1 ) are relative- Since the hyperfine splitting constant ivs alw^ays found to 
be negative for a manganese ion (Watson and Fretmian 1961, Richardson ei al 
1970), this sign is taken for A in this case as well. The examination of the magni- 
tude td the splitting of the hyperliiie sextets appearing at high fields and low field 
when the magnetic hold is -parallel to 2 axis, attributes a sign to parameter D 
(Low 1960). The sign of rhombic parameter E results from tlie sign of 7) and 
(*hoicc of X and y axes. 

The g factor and the hyperfine coupling constant were found to be almost 
isotropic within the experimental error for all the ciystal studied. It was recog- 
nized that nearest neighbour interactions are dominating for hyperfine splitting 
in contrast to other EPR parameters like D, a and g values where long range 
interaction can be important (Muller 1970) Therefore, the determination of hypor- 
fine splitting constant in EPR spectra of Mn^^ makes it possible to evaluate the 
nature of bond between manganese ion and its immediate surroundings. It is 
instructive to compare hyperfine splitting constant of Mn^+ in Tutton salts studied 
with those of other crystals. Comparison with the values of hfs constant of Mn* 
in struvite (Vinokurov and Tukhvatullin 1968), GASH (Milschand Windsch 1969), 
Perchloiate (Fritz and Yarmus 1968), Double nitrate (Jain and Srinivasan 1977) 
where it is surrounded by six water molecules also confirms that immediate neigh- 
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bour of Mn iii Tutton ia six water molecules. At the same time it is noted 
that the half width of Mn^ ^ absorption lines in the Tutton salts is of the order of 
1- gauss, which can be explained as mainly due to local magnetic field of the 
proton nuclear moments in the water molecules (Abragani and Bloaney 1970). 

In all the salts quoted in Table 1, the value of angles between the » axis of 
two inequivalont magnetic complexes and the values of the parameters D and E 
are very nearly of the same magnitude. This gives a qualitative idea of the local 
symmetry at divalent cation sites especially in iht^ system where no detailed crystal 
structure is available. Qualitatively it can be concluded that the co-ordination 
of the octahedron of water molecules at the divalent cation is nearly the same for 
all the systems both as regards the symmetry as well as distances from the divalent 
cation. It is also iiotictHi from Table 1, that the zinc Tutton salts have larger D 
values in comparison with the magnesium Tutton salts. The value of D is lai-gor 
for selenato Tutton salts than for the corresponding sulfate Tutton salts. This 
is probably related to the larger size of the selenium (Manoogian and LeoU^rc 
1975)— the ionic radii of and 8 ^^ aie 0.421 and 0.30l respectively. 
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A new method of finding Born-Mayer parameters of inert 
gases in ionic solids 
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Recoivod 3 Octobc^r 1977 


A now method has been suggested for finding the Born-Ma,yor repulsive para- 
inotoiH fiijb and p for the interaeiion between a neutral interstitial defect and 
the neighbouring ions, in an ionic solid from the electronic chaige density overlap 
of the interacting atoms and ions. Thus fii^h and p for He and Ar in NaOl 
and KCl lattices are obtained. These parameters have been utilised to cal- 
culate the activation energies of interstitial defect diffusion in the host lattices. 
The activation energies are calculated assuming a semi continuum model and 
by considering contributions from electrostatic, repulsive, polarisation and 
van dor waal's energy terms in minimising the total changes of ('norgy of the 
lattice, as a function of the relaxation of the nearest noighbom* ions, when the 
defect atom occupies the cube center and the face ctuiter positions. 


1. Introduction 


Bom (1954) lias formulated a theory to describe the variou^i pro^x^rties of alkali 
halides with, the uelji of a .simple iiiteractioii pokvntial energy function. For 
a perfect cryotal this potciitial function consists of (i) an electrostatic t(Tm, (ii) 
a repulsive term and (iii) multipole interaction terms while for a defect ciystal 
additional contribution from polarisation energy results. Th.o least certain 
part of the above mentioned potential energy function is th,e repulsive energy 
t(n-m. Born, however has given an enipii'ical form to find the lepulsive inttjraction 
between two interacting ions in an ionic lattice 


Eif{r) exp (1) 

where 6 and p are repulaive strength and range pai-anreters reapoctively, is 
called the Pauling coefficient aaxd u, Vf suite the ionic radii. 

Those b and p values are usually found out by utiUaing two equilibrium crystal 
properties, namely, 

(i) equilibrium condition = y. (2) 

dr -^0 

and (ii) coniproasibility at absolute zero, Xq, 


=. ^ 

« = ■ Kov; 
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b and p vah?eH thus found out from pure crystal proportion, construct tho ropulnivo 
part of a pf>tontial which r<»pr(KUiceH successfully many of tho proportion of a pure 
ionic (crystal. But when a defect, (‘ith.cr a ncu,tral atom or a (»hargt^l imi>nrity, 
occtipicfi au intorntitial or a substitutional position, tJio situation bwonu^s dif- 
ferent. The method by which b and p for a pure crystal liave been obtained from 
equilibrium cryvStal properties, cannot applied for a defect crystal as, such 
equilibrium crystal properties of defect crystal do not exist. So, one has to take 
recourse to various approximations, regarding the nature of interaction betwwn 
tho impurity and the suTroimding ions,, T]\ese approximations are generally 
grouped in two different approa(‘h(‘S. In oiu^ approach., the repulsive interaction 
bi^tween an ion and an atom is taken to bo the same as tlxat would bi'tween 
two atoms in the gas('Oi*s state (Alirab.alnson af al 1901). The ien is approxi- 
mated by an atom having similar (dectrdfnic eonfigitrations. Tn the scK’Ond ap- 
proach the atom is approximated bv anion of zero charge in the evaluation ol 
the Pauling cor^fficient and the ion-ion interaction method of Born-Mayei is 
ai)plied to find the repidsivo interaction bcdwrxm a defect atom and a iiost ion. 
h and p values of sucli intera(*tion are taken to be tlio same as th.at betwcnni two 
liost ions (Lidiard and Norget 1972). As an illustration, Hatcher and "Dienes 
(1901) h.ave assunuxl tl>e repidsivo parameters bctwc'en Na^ and 01® to be tlie 
same as that betw<'on Na^ and Cl . For a substitutional defect, Tosi and iMinii 
(1904) have assumed the r(‘pulsiv(^ parameters betwoc*n H" ion and a negative 
halogen ion to be the same as that between two halogen ions. Actually for any 
type of defect, b and p values for ilie defect iteraction is taken to be the same as 
that between two host ions. 

Now, T)eb and Ghj.sb (1975) have shown that tli(> repulsive parameters 6 
ami p for a pur(^ crystal can be (correlated to tlie overlap of the electrotnc charge 
density of tlie constituent ions. Tn this paper, W(» want to S(h> the effect of (^x- 
tending tliat idea to the case of a defect crystal. Following tho same prinmph^ 
wo presemt hero a method of finding tho repulsive interaction parameters botwex^n 
au ion and a defect atom from their ekxdronic cliarge density overlap. To (heck 
tlie validity of our determiiunl values, we have dc^cided to calculate one physical 
quantitv which ultimately depends on su.ch repulsive paramters. We have 
therefore calculaUxl activation (mergies of interstitial dehx^t diffusion in diffcient 
host lattices taking our repulsive parameters as well as taking (^tlu^r parameters 
and coinparod the two sets. 

2. Method of calcolatioti 

Dob and Ghosh (1976) have al'.own how to find h and p valnes from the oloctronic 
charge density overlap for a pnre crystal. It was obw^rved that a relation exists 
between the Bom-Mayer parameters of an alkali halide and the corresponding 
overlap height and tho overlap spreati when the free ionic charge densities of the 
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host ions are plotted at the ends of the equilibrium interionic separation (Fig. 1). 
Actually, one such correlation was obtained for the alkali chlorides and the alkali 
bromides. Using that correlation and the overlap htnglit and the overlap spread 
for any particular ion pair, h and p for that ion pair can be obtairiod. The repulsive 
parameters thus obtained explains the repulsive interaction between the consti- 
tuent ions of a crystal, even wlum they are displactni from their normal lattice 
sites. 

Following similar type^ of arguments, wo plot here the free ionic chai’ge density 
of the anion or of the cation at one end and the free atomic charge density of the 
defect atom at the other end of the equilibrium intorionic separation of the parti- 
cular crystal and hence obtain the overlap height and the overlap spread, b 
and p values are then obtaimxl assuming the same correlation existing betwe<^n 
th.o deCixit atom and the host ions as was assumed between the host ions. The 
value of h and p thus obtained will explain tl\e repulsive interaction between the 
host ions and the defect atom oven when the defect atom occupies an interstitial 
position. We understand that this principle of placing a neutral defect in a noimal 
ionic lattice site does not normally represent a physicjal c;ase bixt still this involv(>s 
in some way the physical properties of the defcKd. atom as well as tliat of th,o host 
lattice (through for finding the interaction betwe^en a dt^fect atom and tU<^ host 
ions. 


The method by which wo have calculated the activation eiuugy of ch^fecd 
<liffu,sioTi is the same as reported in one of our earlier paper (Neogy and Deb 1970). 
We shall not, therefore, describe that meth(xl here in dc^tail. Only tlie prinenph* 
of the^ method is, however, discussed. 

Wo place the defect atom in two positions — once in a square centre position 
(S position) and then in a cube centre position (C position) and calculate, in each 
(taset, tl\e change in the lattice energy (as a result of introduction of tJie di^fect 
atom) as a function of the radial relaxation (cr) of the nearest movable ions, fn 
tl\e square centre position, wo have relaxed the nearest four ions and in the (mbit 
(jontre position, eight nearest neighbour ions are relaxed. We assume tl>e amount 
of relaxation to be the same for both the type of ions, which is an approximation 
only. Our defect calculation includes (1) eU^ctrostatic contribution AEss from 
all the host ions in the crystal (2) polarisation energy contribution AEpoi arising 
as a result of the displacement of ionic charges from their normal positions giving 
displacement dipoles and considering the contribution from all the ions on the 
first sixteen neighbouring shells (3) repulsive contributions between the host ions 
themselves and also between the host ions and the defect atom and (4) van der 
Waal’s energy contribution between the host ions and also between the host ions 
tvnd the defect atom. As repulsive energy and van der Wt^al’s energy are of very 
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sliort range, ho we consider the contrihiition from the first five nearest neighbour 
slurlls. Therefore we actually calculatt^, 

^^Totai(^) — Ai^^5(a-)+Ai?poL(cr)H“A^i?j!:p((r)+A^r/)w(o‘) (^) 

wliere (r is the change per iinit length. 

We ealculati> the value of AETotai different values of a and find that for 
some value of er, AETotai has its minimum value for both C and S positions. 
Physically this means, this cr gives the amount of radial displacement of the ions 
in the nearest shell when the detect atom occupies sites C and S, The difference 
of tJie minimum of the AETotai betw<5en these C and S positions gives tlie acti- 
vation energy of the defect diffusion. 

The expressions for caltiulating AE^s^ AEpoh ar^d AErep aio reported in our 
(earlier paper (Neogy and Deb 1976). The expression for Van diT Waals* t'luvrgy 
bt^tween two atoms or ions, is, 


EvDwirt}) = -1.5 -Mf . (5) 

wlxen^, cc^, CC .2 ar(> the polarisabilities, /j, are the ionisation poUmtials and riy 
is the distance between tlu'. interacthig bodies. The total change in the Van 
dor Waafs energy is written as, 

AEvdw ~ AEvy-]- AE v2. {t>) 

Tile first imj’t givers th(^ change in the Van der Waal’s energy due to all tlie 
]io»st ions among tliemselvos. Tlie second part gives the change in the Van der 
Waal’s energy that arises from the inoraction of the defect atom with tlie host ions. 
As Van der Waal’s energy varies with the inverse sixtli power of the distance, 
so, wo liave considen^d contribution from the first fiv(^ neighbouring shells 

M M 

AEv, - 1 i S \Ev{\Ti-ri\)-Ev(\rj-ri\)\ 

+ S S \Ev{ I 1 )-Ev( I n-n 1 )J (7) 

I Jfc> 

M 

and, 


LEvi - ^ [Ev{ I YD-n' I )] + S {Ev{ 1 ro-r* 1 )1 (8) 

i k 

where M stands for no. of movable ions, K stands for unrelaxed ions, r<', rj' 
denote the relaxed positions of tho M movable ions and rp denote tho position 
of tho defect atom. 
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3. Results and discussions 

TJ\(> olootronic oharg*^ densitiiss of the ions NaS Cl“ and K+ and of the atoms H 
and Ar, are ilcTivod from the Cloimmti wavefunctiona (CJemonti and Roetti 1974). 
h, p and data for tlu' host lattices are taken from Choudhury et al (1975) which 
liavo beiMi determined from extrapolated values of the most r«Hjent elastic 
constant and dmisity ineasurernents of alkali l^alides. These values are given 
in Table 1. 


Tablo 1 . All valuoM aro in a.ii. 

Lattice h p 

NaCl 2.267 3.061 5.271 .00497 .577 

KOI 2.853 3.080 5.872 .00408 .566 


The elootronio polarisabilities of the ions are taken from Tossmann el al (1953) 
and the atomic polarisabilities of the atoms are taken from Pauling (1927). The 
first ionisation potentials of tJ\e atoms Ho and Ar: the second ionisation potentials 
of the positive ions, Na^ and K ^ and the resonance potential for Cl “ ion are taken 
from American fustitute of Physics Handbook (1972) and given in Table 2. 


Table 2. Ionisation potentials in eV 


Second ionisation 
potentials 

First ionisation 
potentials 

Resonance 

potential 

Na^ 

47.29 

He 

24.588 

Cl- 9.02 


31,81 

Ar 

16.760 



The ov(^rlap height (h) and the overlap spread (.s) — the two parameters o ^ 
tlie oveilap region tliat we require are declined in fig. 1. The electronic charge 
densities of tlie Na * ion and the Ar atom are plotted in a graph in the manner 
as sliown in fig. 1 . The overlap height (h) and the overlap spread (a‘) are obtained 
from the graph. For obtaining the value of 8^ the charge density is to be trun- 
cated at 0.1 atomic unit of charge density. With the help of the following rela- 
tions (T)<>b and Ghosh 1975) 

In {fiijh) - -^5.9990-0.187 In (^V) (^) 

and p 0.7750-0.0768,9 (10) 

jiijb and p for the interaction between Na+ and Ar are obtaineni. Tn the eqns. 
(9) and (10), all the physical parameters — g, p and pijh are in atomic units. 
Similarly, and p for 01"“ and Ar interaction are determined. Following similar 
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procedure, we determine fitfb and p values for different intoractionM, according 
to our requirement and these are given in Table 3. 


Table 3, Repulsive interaction parameters from our mt 3 thod 


Host crystal 

Interacting 

pairs 

fiijh in a.u. 

p ill a.u. 


Na"* 

and 01" 

0.004972 

0.5777 


Na+ 

and Hie 

p.009180 

0.7750 

NaCl 

Na*- 

and Ar 

0.005657 

0.6890 


Na*" 

and C|P 

0.005462 

0.6730 


Cl" 

and ISe 

0.005069 

0.6136 


Cl- 

and Ar 

0.003380 

0.4907 


Cl" 

and CP 

0.003394 

0.4747. 


K+ 

and el- 

0.004079 

0.5560 



and He 

0.008299 

0.7750 

KCI 

K‘ 

and At 

0.004545 

0.6549 


ci- 

and He 

0.005376 

0.6591 


ci- 

and Ar 

0.003593 

0.6364 


For tlui x^urpuao of comparing th(3 values obtained from our method, Ave have also 
included h.ore the result of tlie ealcixlation of interstitial Cl** atom diffusion in 



Figure 1. Schematic of the plot for estimating overlap paramters, s and //. 
A, B-poaitions of centres of interaoting pairs 
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NttCl from our previous paper. Wo have calculated the activation energufs for 
tho (iofeot according to tlus following two methods : 

(1) According to tho first method, fiijh aud p values for the different pairs 
of interaction are tak(^n from our work from the values reported in Table 3. 

(2) According to the second method, h and p values are taken to Ire the same 
as that for two host ions. 

Th(^ activation energies, acfcording to these methods are calculatcKl and sJ\owii 
in Table 4. The calculations were done in an IBM 1130 comimter in the ITni- 
vorsity of Calcutta. 

The diffusion of Cl” atom iiiterstitially in NaCl lattice was reported by Hatcher 
and Dienes (1961). They calculated activation energy of Such diffusion to be 
0.45ev. Our values according to method (1) is 0.61 ev and that due to method 
(2) is 0.54ev. Hatcher and Dienes observed tl\at th,eir value was much, lower 
than tho expc^ximental value. So we may say that our value also represents 
more correctly the activation tmergy of Cl” diffusion in NaCl. 

The activation energy of He diffusion in KCl was n^ported by Wayne (1973) 
to be 0.39ev. Our values according to method (1) is .36ev and that due to nieth.od 
(2) is 0.42ev. 

Similarly our calculated values of the arttivation energy of Ar diffusion in 
KCl lattice by method (1) is 0.63ov and that due to nu'thod (2) is 0.66ev. Th.e 
oxporimontal activation energy of Ar in KCl in the liigh. temperatuni region is 
().38ev and in th.o low temperature region it is 2.45(?v (Lidiard and Norget 1972). 

Next we calculate the activation energy of He in NaCl. Its value is 0.33t^v 
both by metliod (1) and (2). It s(X)ms that tlio activation energy of Ho diffusion 
is smaller in NaCl lattice than in KCl lattici^ wh.ich is against our common idea 
that it is easier to diffuse in a larger lattice. This typt^ of behaviour is not un 
common as lias been shown by Lidiard and Norget (1972) who calculated th.e 
activation energy ol’ At* diffusion in different ionic solids. TJieir calculatcHl valiums 
arc shown in the Table 5. 


Table 5. Activation energy 


System 

High temperature region 

Exp 

Calculated 

KF-Ar 

1.8 ev 

1.3 ev 

KCl-Ar 

0.38 ev 

0.4 ev 

KBr-Ar 

0.86 ev 

0.2 ev 

KI-Ar 

0.30 ev 

0.3 ev 


Table 4. Activation energies of defect diffusion (ail values are in a.u.) 


Inert gases in ionic solids 


331 



9 



332 


G Neogy and 8 K Deh 

Similarly, tho activation energy of Ax diffusion in NaCl by method (1) is 
0.96ov and by method (2) is 0.97. 

It is Seen from a scrutiny of b and p values in Tabic 3, that the repulsive 
paiametors between the anions and the cations of an ionic crystal, lie intermediate 
betwetm the (jorresponding parameters between a defect atom and both the host 
ions. Thus, if we calculate the repulsive energy of the defect with the host ions, 
with our parameters, then the repulsive energy for one pair will be higher and for 
the other pair will be lower thus compensating and giving a net energy which may 
not be far differtmt from the corresponding energy with the host ion parameters. 
It is for this reason that the activation energy valuers obtained with the new 
intoraotioii parameters seem to be little different from the corresponding values 
with the host ion parameters though there is a substantial difference in the inter - 
action parameters in the two approximations. 

Thus, it S(^ms, from a study of Table 4, that activation energies of different 
diffusion in NaCl and KCl lattices calculated by our method are quite close to the 
values calculated by the standard procedure described here as method (2). Acti- 
vation energy, calculated by our method may yield different values from tixose 
obtained by method (2), when unequal relaxations of the host ions are assumed. 
This technique of getting b and p may not be free from all objections but it consi- 
ders at least some physical property of the defect atom in finding tlie repulsive 
interaction paramotors between the host ions and the dcd’ect atom. 
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Effect of strength and frequency of the field on some 
rare* earth activated zinc oxide electroluminors 

S, Bhushan, A. N. Pandoy and Balakrishna Rao Kaza 

Department of Physios, Ravishanlosr University, Baip\ir-492002 
Keoeived 7 October 1977, revised 14 February 1978 

A series of rare-earth (Dy, Yb. N4 Sm, Pr, Gd, La and Er) doped ZnO elec- 
troluminors have been prepared in^aouum and voltage and frequency depend- 
ence of time -averaged electroluminescent brightness of these systems have 
been investigated. Brightness-voltage relation B = Bo®xp(— 6/F*) is satis 
fied for all the electroluminors with slight deviations at lower and higher fre- 
quencies in some of the systems. At lower voltages the electroluminescent 
brightness is found to increase very slowly with the increase of frequency and 
a state of saturation is observed at higher frequencies in some of the oleotro- 
luminors. At higher voltages the frequency dependence is found to bo more 
linear. Further, the electroluminescent spectra consisi; of three peaks which 
shift towards the shorter wavelength side with the increase in the frequency 
of the applied field. All these phenomena have been discussed in the light of 
existing models. 

1* Introduction 

Eloetroluniinoacenco is the phenomenon of light eiuission by luminors due to the 
.^ole action of electric field (a.c. or d.c.). Htudios of the voltage, frequency and 
temperature dependence of time- averaged electroluminescent brightness and the 
brightness wavefomrs aie the important mean»s to understand the mechanism of 
elmjtroluminesconco. Electi oluminescont studies of rare-oaith doped ZnS (Anderson 
1964), CdS (Bryant et al 1972) and ZnSe (Ihuki et al 1970) electroluminors have 
been done extensively, while ever since the discovery of luminescence (Destriau 
1936) till recently (Bhushan ei al 1976), the rare-eaith doped zinc oxide electi olu- 
minois have received a little attention. The present paper reports the results of 
voltage and frequency dependence of time-averaged electroluminescent brightness 
for rare-earth (Dy, Yb, Nd, Sm, Pr, Gd, La & Er) doped zinc oxide electi oluminois. 

2. Experimental Procedure 

2.1. Preparation of the Material 

Zinc Oxide (from M/s. Kooh -Light Laboratories 99.998%) and 99.9% pure lare- 
eartb compounds (Nitrates of Nd, Pr, La & Sm and Oxides of Dy, Yb and Gd 
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IVom M/s. Ttulian Ran^-oaiths Ltd. and Erbium Oxide from M/s. Michigan Chemi- 
cals) w<‘r(* tak(Mi in i)roper jiroportions and were throughly mixed. The mixturt> 
was fiicsl at 105(l''C in a tubular furnace under nnlncwl pressure of about 1 Torr 
for oiu* Ivnir and was cooled slowly to looiu temperature. The fired content was 
finc-ly ground in a Agatt? pestle and mortar and the homogenity of the samples 
was (Jiccktid uiiclitr a black woimI glaBK U.V. lamj). 

2.2. ElGctrQlwm.inescenl cett 

Tho constniotion of oksctroluminostcnt coll is sliown in Tig. 1 . The eloctro- 
luminors wore tnixwl with Ataldito resin and were deposited in a 100/* circular 
groove on a stainless steel plate. A mica shoot of about 30/t thickness was first 
placed gently and after that it was pressetl by a conducting glass plate of resisti- 
vity of the oidei of lOOohni/cnr*. Care was taken to remove all the ah bubbles. 
TJi(» conducting glass plates were prepared by spraying vapours of SnO, on the 
lroat«l surface ('>>'5()0‘’C). The electroluminors are found to be highly photo- 
conducting with a high dark current at room temiwrature and therefore it was 
not possibk^ to prepare proper electroluminescent coll bj' direct sandwitching of 
the material between a stainless steel and a conducting glass plate. 



Figure 1* Construction of tho Eloctroluminesceni coll. 


2 . 3 , Ex'pf'riwe.nlal Arrangememt 

Ex]>erimontal arrangement is shown in Fig. 2a (Jt- 21). The order of’ the field 
normally required foi* electroluminescent excitation is between lO^V/cm to lO^V/eni 
and th.erefon^ a high voltage source is ikhmIccI. To study th(» variation of elec- 
trolu.niinoscent light witli freqiteney this source must give high voltages ()V(‘T a 
wid(' rang(s of frequencies. Thorofoie, an audio oscillator coupled with a wid<^ 
band amplifier (from M/s. Electronic Appliances, Roorkee), which gives voltages 
from 0 to JOOOV for the frequency range 20 to 20KHz, was used as the electro- 
luminescent excitation source. The light intensity was measured by a RCA 
IP21 photomultiplier tube which was operated by a regulated power supply 
(HV218 ECIL, India) at 10(K)V. The intt^grated light output from the photo- 
multiplier tnhe in the forju of current was measured by a polyflex galvrvnomoter 
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(10-*amp/min). For the hriglitncas Vs. voltage (or frttquoney) studies the airaiige- 
meut shown in Fig. 2a was list'd. Ftii spectral studios tlio light was first passetl 
through a prism monochromator (4000-76001) and intensity emresponding to 
each wavelongtli was nott'd by photomultiplier-galvanoinett'r as.sembly. TJiis 
arrangemt»nt is shown in Fig. 2b. 



Figure 2. (a) Experimental arrangement fer brightness Vs. voltage (or 

frequency) studies. 


3. Results 

3.1. Elecirolunime^sc^nl Speotra 

EJoctroliiniiiioscont spectra of all t])c rare earth doped ZnO eleotrolunimors consist 
of thr(K‘ hands. As an example electioliiniinescent spectra for ZnO:Dy (at 0.2%) 
is sh.own in Fig. 3. Th.o detailed nature of these hands on tl\e concentration ol‘ 
rare e arth ions aiicj other parameters have hexm separately discuMsed (Bhushan 
ct al 1977). 

3.2. Voltage Dependence of average Eleotroluminesrejil Brightness 

Fig. 4 shows the log brightness Vs. 100/V* plots of ZnO:Gd electroluinuior 
and those of ZnO:Dy, ZnO:Sm, ZnO:Nd and ZnOrLa electroluminors are shown 
in Fig. 5, 6, 7 and 8 respectively. The plots are straight lino for all the systems 
except for ZnOrLa at lOOHz and for ZnOrNd at 2KHz. From Fig. 4 the plots 
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Table 2. (b) Experimental arrangement for spectral studies 



^ _ WAVE LENOTHCmM) 


Figure 3. Electroluminescent Spectra of ZnOtDy system (at 0.2% Dy) at 
two fiequonoies. 


for Z]iO:Gkl system are seen to be parallel at all the frequencies. Similar nature 
is soon foj ZnOiYb electioluminor* The voltage dependence plots are parallel 
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at lower frequencies (lOOHz, 500Hz & IKHz) for ZnO:Dy and ZnO:Pi cloctro- 
luminors but at higher froquoiicy (2KHz) the slope of the plots are higher than 
that at lower frequencies. 



Fignve 4. Dependenoe of Eleotrolumiuesoent brightness on voltate for 
ZnO:Gd EleotroKuatittor. 




Figure 7. Dependence of Eleotrolummesoent brightness on voltage for ZnO:Nd 
Eleotroluminor. 


frequencies it is comparatively faster. In ZnOiGd eleotroluminor (shown in 
Fig. 10) the slope of the curves at higher frequencies is much less than those of 
other systems. 
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Fig. 11 shows the frequency dependence curve of ZnO:Er eleotroluminor and 
Figs. 12 and 13 ate those of ZnO:Dy and ZnO:La elootroluminors respectively. 
In Fig. 11 the plots become linear with increasing the voltage. At 600 volts, the 



ioo/>Ar 

Figure 8. Dependence of Blectroluminesoent brightnew on voltage for ZnO:La 


Klectroluminor, 




342 


Bhushan Pandey and Rao Kaza 


frequency dependence curve is a straight line. At lower voltage, the nature of 
plut iis similar to that of ZnO:Gd system. In case of ZnO:La also, the increase 
in brightness at low frequencies is very slow (Fig. 13) but it shows the existence of 
saturation of intensity at higher frequencies. Similar existence of saturation of 



ZiiO:Nd £;i6otroluminor* 
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brightness at higher frequencies is very much clear for ZnO:Dy eleotroluminor 
in Fig. 12, whose frequency dependence curve is practically linear at low frequency 
side. 




^ lO 

o 


^ 600 V 
-0“ 500 V 
o 40 OV 


tOG OF FREQUENCY ► 

Figure 10. Dependence of Electrolumineaoent brightness on frequency for 
ZnO:Qd Eleotroluminor. 
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3.3b. Fregfuency Dependence of ElectToluminescent Spectra 

Tho frequency dependence of electroluminescent spectra of ZnO:Dy electro- 
lumiiior is shown in Fig. 3 All the peaks are being shifted towards shorter wave- 
length side and the relative intensity of peaks at lower wave length side is enhanced 
with increase in frequency. 



Fisare 11. Dependence of Electroluminescent brightness on frequency for 
ZnO;Er Elec^olmninor. 
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4. Discnssions 

The use of mica sheet between the two electrodes exclude the possibility of 
‘carrier injection’ (Sidalli 1959) at electrode contacts. 



Figure 12. Dependence of Electroluminescent brightness on frequency for 
ZnO:Dy Eleotroluminor. 
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4.1. Voltage Dependence 

Qualitatively all the eleotroluminors have nearly similar type of dependence i.e. 
practically the mean electroluminescent brightness is an increasing function of 
the voltage. On this basis it can be understood that initially the region in which 



Figure 13. Dependence of Eleotroluminesoent bri^tnees on frequency for 
ZnO:La Eieotroluxninor. 
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clcctrolununoHcence taken place in amalk but on increasing tl\e voltage, more and 
more active regions are exposed to voltage gradient above the threshold level. 
A number of empirical relatiotis ol this dependence have boon reported to suit the 
individual data. Destriau originally su^ested. 

if jBoexp(-6/F) (1) 

(ZfQ and h are Constants) 

The relation is amenable to simple theoretical interpretation (Curie 1963). 
A modified form of the same is 

B ^ .&oF»oxp( — 6/F) (2) 

Where n is another constant. Another relation pioposwl by Zalm el al 
(1957) and used widely is , 

if = JBoOxp(— 6/ F*) (3) 

Alfrcy and Taylor (1956) assuming; that the luminesoenco emission rc*sults 
mainly from potential barriers of Mott-Sfchottky type, where the field is propor- 
tional to have dorivtid an etiuation similar to oqixation (3). Cur experimental 
curvcis (Fig. 4 to Fig. 8) being very close in agreement with the theoretical formula 
(equation 3) indicate the existence of a Mott-Schottky barrier in the present syst(un 
of electroluminors. The mechanism of excitation is, therefore an ^acceloration- 
collision’ type i.e. the probability of impact ionisation to bo proportional to cxp 
(—O'/.^?), ^ being the electric field and O' a constant alongwith. the fact tJ»at E 
itself is proportional to Fl in Mott-Schottky barrier. 

For systems where the olec^troluminescont brightness vary slowly at lower 
and higlier frequencies it may bo thought to be due to (1 ) irregular belxaviour of 
frequency dependence of electroluminescent brightness at lower and l\igh(vr fre- 
quencies. (2) lesser effect of voltage on luminous condeiisor due to polarisation 
effect which is moie effective at lower frequencies (Curie, 1963). 

4.2a. Frequetwy Depe?tdence of Electroluminescent Brightness 

The increase in electroluminescent brightness can be understood on the basis 
that emptying and refilling of electroluminescent centres take place more raj>idly 
with increase in frequency, but when the tinie-i)eriod of applied a.c. cycle beconuiS 
comparable with the life time of excited electrons, the electron does not liave 
enougli time to emerge out from the trap, the time averaged brightness will not 
increase linearly with fiequency. By consideiing the rate of lecombination to 
be determined by field controlled release of electrons from trap brightness is givi ii 
by (Thronton 1956) 

B == iyro/[l ~exp-~(A//)J (4) 

Where Nq has been assumed as a constant number of oxcitetl centres for eacJi 
half cycle of voltage and A increases as voltage increases. At higher frequency 
the time-averaged brightness becomes equal to N^A i.e. a saturation of brigl\tuess 

11 
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uueur ^^. Sojuo plota (Fig. 9 and Fig. 10) show the occurence of satuaration within 
the apj)liod frequency range' and for othei’S it may occur at still higher frequencies. 
The depletion of ionised activators does not occur during cycle at lower voltages 
and therefore Nq is independent of frequency while at higher voltages, it is strong 
and Nq becomes frequency dependent and therefore the curves become more linear 
at higher voltages. The non-lineai ity of frequency dei)ondence at lower frequencies 
may be attributed to its combined effect with polarisation effect of luminous 
condensor. 

4.2b. Frequency Dependemt oj Electrolumincsceni Spectra 

In our separate publication (Bhushan et al 1977) we have slio wn tJiat the 
emission of rare earth doped ZnO is due to the transition betwtHm levels of donor- 
acceptor i)airs (Williams et al 1956, 1959; Shionoya 1970). The donor-levels are 
formed due to rare earth ions and are shallower (below the edge of the conduction 
band). The acci^ptor levels ai‘o those responsible for the emission of undoped 
ZnO electroluminois and are deeper. At low frequencies, since the time is suffi- 
ciently large, the transition may take place between the levels of donor- acceptors 
paiis. But at higher frequencies when the time becomes sufficiently low the transi- 
tion does not take place via the donor levels but between the (^ige of the conduction 
band and the acceptor levels. Therefore, a shift towards liigher energy or lower 
wavelength side is expected. 
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Single crystals of tungsten diselanide have been grown by direct vapour trans- 
port method. The conditions of growth have been adjusted to produce crystals 
of fairly large size. Estimation regarding the degree of polygonisation, size 
of the critical nucleus, supersaturation <r and step translation rate have 
been made from the geometry of the growth spirals observed on the as grown 
faces of the crystals. 


1. Introduction 

WSe2 is ono of a number of Iransition metal dichalcogenides which form in a 
layered struct uro. Recent interest in this compound has emerged from its pro 
portios as a \\ ido hand gap semiconductor (Upadyayula et al, 1968 ). Looking 
at the wid(^ l)ot(mtialitios, tlu^se crystals might have in solar energy conversion, 
it was decided, to grow them with sufh ient purity and perfection. 

Tn past, chemical vapour transpoii has hec^n reported avS the most reliable 
method of growing WSe.2 single crystals. Although the chemical vapour transport 
mt>thod produces crystals of several mni squ ares in size, they suffer from tlu) obvious 
disa(lvantag(^ of th<^ contamination of th^ crystals by the transporting agents 
wliich in th.e ]>/esent- case of WSca oitht^r iiKlino or bromine. Th(»re is alwa^y 
a possibility for bromine or iodine to enter into the crystal lattice. Since our aim 
of growing WSe2 crystals was to obtain them as pure and defect free as possibl(‘, 
it was C/oncludod that a method of growth which avoids the use of any transporting 
agent would be most satisfactory. Such a juethod was used by Al-Hilli and 
PiVans ( 1972 ) to grow single crystals of certain transition metal dichalcogenides. 
This method is use<l to grow the single crystals of WSe2. This paper describes 
the growth of these crystals. 

Since WSe2 crystals grown by us have exceptionally flat faces, the surface 
topographic studios were made on them. The common features observed wore 
regular polygonal hexagonal spirals. The parameters of these spirals were mea- 
sured and the critical nuclear radius, the supersaturation, the step translation 
rate and the degree of polygonisation were determined. These observations 
have been described her<^. 
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2. Experimental 

Or If Hal prepn ration 

For tho growth of tl\e WSe 2 crystals prosonted in tl\is paper, Tungsten (99.9% 
pure) and specpure selenium pellets were taken in stoichiometric proportions 
and wore placc^d in a Quartz ampoule (length 216mm and an inner diameter 20mm). 
The ampoule was then evacuated to a pressure of less than torr and sealed off 
at the neck. The ampoule was then kept in the two zone furnace and was heated 
as per the scheme outlined in table 1. 

The resulting samples consisted of several small single crystals intergrown 
and stiVeral layer platelet single crystals sporadically distributed tliroughout the 
ampoule. These crystals wwe about 0.6mm thick and upto 18mm in length, and 
G.Gmm in breadth. Tlie resulting crystals are shown in fig. 2. In order to grow 
crystals of still larger dimensions, it was decided to prepeat the above experiment 
in an ampoule of larger diameter. This increase in diameter of the ampoule will 
reduce tlio supersaturation, which plays an important role in the growth of the 
crystals. The ti^mperature gradient was therefore increased as shown in fig. 3 
to maintain the condition of aupersaturation similar to th.at of table 1 . A repre- 
s(?ntative experiment Avas carried out in an ampoule of 216mm length and 22mm 

Table !• Procedure used for the preparation of the crystals 


Temp. °C Time 


]. 

25’'C to 800°C 

800°C 3 days 

2. 

SO0°C to 25*^0 

1 day 

3. 

Agitation in 
reaction tube 

26°C i hour 

4. 

25®C to Temp, 
gradient shown 



in fig. 1 

— 10 days 

r>. 

Temperature 
gradient to 26®C 

— 1 day 


inner diameter. The procedure similar to table 1 was carried out-. The resulting 
crj^stals are shoum in fig. 4. It can be easily seen that these crystals are certainly 
having larger dimensions than those shown in fig. 2. 

Tn order to grow crystals of still larger size, it was decided to consider ampoules 
ol still larger diameter in further experiments. To maintain necessary supersatura- 
iion the temperature gradient will also have to be correspondingly changed. 
This will ntHKi temperatures of the order of 1100°C' to 1200^^(7. As the Qi^.artz 
ampoules cannot withstand such a high temperature, the sampoules were kept in 
tho temperature gradient shown in fig. 3. Tn 8i,ll these ct^ses the crystals did not 
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grow as the necessary supersaturation was not obtained. Tt is therefore con- 
cluded that one has to find a conipnnni^^ l>otween the dianiotor of the ampoules 
and the tempc?rature gradients to acquire itondition of supersaturation nm^ssary 
to grow crystals of larger size. 


1200 ^ 

t 

o • 

O 

q : 

2 : 

LU , 


600 




- POSITION OFAMPOULE. -• 

12 ^ 36 

Disr. CMS.-I. 


Fipire 1 * Line profile ehowing the temperature 
gradient in which the ampoule is kept 


For characterisation, X-ray diffraction photographs of the resulting crystals 
wore taken and it was s<^en that the lattice parameters of these crystals are in 
agro(mient witli those reported by the previous workers. 



Figw® 2. Single crystals of WSe* in mm 
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Observation on microstructures 

On the finished faces of the as grown crystals, a large number of polygonal 
hexagonal spirals wore seen. Fig. 6 shows a pattern which is a representative 
of all such polygonal spirals. 


1200 , 

T 



POS IT ION OFAMPOULE-^I 

"^DIST. CMS. 

Figure 3. Line profile showing the temperature gradient in 
which the ampoule is kept 


Degree of polygon i-sation 

Calculations regarding the degree of polygonisation (AmeUnckx and Strumane 
1960) are made from a ratio of the radius of curvature B of a growth front to its 
distance D from the centre of the spiral. The values of B and D are plotted as 
shown in fig. 6. The constancy of BjD ratio is well illustrated by the straight 



;,V 

- > ■ 


figure 4, Single or^ratals of WSc? iu mm 



W8et single cryskda 


line natiire of the graph. The reoipiucal of the slope which is 0.963 gives the 
degree of polygonisation. 






Figure 5. A polygonal Bpiral on the as grown face of a WSoa 
crystal 

The size of the critical nucleus 

The radius of the critical nucleus is given by (Verina 1963). 


where S(j> = spacing botwoiui the neighbouring tux’iis of the spiials. 



20 30 

R. MMS. 

Figure 6. Kadius of ourvature (B) of a growth 
front versus its distwioo (D) from the centre of 
the spiral 
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TJio spring between the turns of the spiral in fig. 5 is 13.6/^m. This gives 
tlio size of the oritioal nucleus as 2.166 /zni 
Super saturation (cr) 

The super saturation cr is related to the size of the critical nucleus by the 
relation (Guseinov et al 1967) 


Wl^ere a is the intoi atomic distance inWSe 2 the (0001) plane and 0 is the 
binding energy between two nearest neighbours in the crystal, 

Assuming (i) ^ == 6.8 as suggested by Guseinov et al, (1967) 

(u) a = 3.282±.004l, 

a 0 

T^'leT 

a 0 

wo got 

which gives a = 0.08812% 

The I ate of advancement ol’ the spiral stex>s is expressed by 

1/ o tcT 

= 2xs erve 

Where Xg the mean displacement of the adsorbed molecules on the crystal 
surface is given by 

3 e 
e ^ 

The frequency factor in the present ease is 10^® sec."“^ This gives ~ 

0.09479 


3. Cioiiclusioiis 

1. Single crystals of WSeg having dimensions (17 X 12 X 0.4mm®) have been 
grown by the sublimation method. 

2. A selection of the appropriate ampoule size and the temperature gradient is 
necessary for the growth of large size crystals. 

3. The degree of polygonisation estimated from a spkal having a perfect poly- 
gonal sha|)e is found to be 0.96S. 

4. An estimation regarding the size of the critical nucleus, supersaturation cr, 
step translation rate Vc etc. has been made. It is seen that the sui>orsatu- 
ration at which polygonal spirals are formed is very low. 
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Abstract. The electronic absorption spectrum of tetracene molecule as 
guest in number of molecular crystals has been investigated. The effect of 
biphenyl, naphthalene, anthracene and carbazole as the host on the lowest 
guest electronic transition has been studied. It has been observed that the 
electronic transition energy of the guest differs in different hosts. The energy 
depression of the guest electronic transition in the host lattice from that of 
free molecular transition energy has been calculated and compared with the 
experimental values using the expression proposcul by Craig el al. Contri' 
bution to this energy depression by nearest and distant neighbour dipole* 
dipole interaction between the host and the guest has been considered. The 
large discrepency observed in some cases has been attribiitc^d to neglect oi* 
overlap of charge distribution between the guest and the nearest host 
molecule and also to higher multipole interactions. 


1. Introduction 

Electronic absorption and fluorescence spectra (Chaiidhiiri and Ganguly 1960, 
Akon and Craig 1967, McClure 1054, Chaudhuri 1974, Sidman 1956, Craig and 
Thirunamaohandranl963) of organic molecules embedded in a host lattice liave 
been extensively studi<xl but has mainly been concerned with the measurement of 
polarization of the lowest guest transition. The experimental invtjstigations ol 
mixed crystals have shown that there is a significant cliange in absolute intensities 
and polarization ratios of guest transitions from that expected in an oriented gas. 
Change in guost transition energy has also been obsoived. The theory of mixed 
crystals developed by Craig and Thirunamachandran (1963) explains these ob- 
servations as due to mixing of the excited states of the guest molecules with the 
excited states of th surrounding host molecules. As a result of this mixing, the 
transfer of spectral intensity from the host transition to the guest transition 
takes place and the polarization ratio of guest transition in a mixed crystal changes. 
The present investigation deals with the effect of different host lattice on the 
lowest electronic transition energy of a tetracene guest molecule in a number of 
mixed crystals. Depression in energy of lowest guest transition from free mole 
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cular traoiBition energy has boon calculated for biphenyl, naphthalene, anthracene 
and carbazole host and compared with the experimental observation. 

2. Experimental 

Different host crystals used in this investigation are biphonyl, naphthalene, 
anthracene and carbazole. Tetracono guest and these hosts are purified by 
sublimation and recrystallizations. The final purification stage consists of a 
zone-refining step of 50 passes. Tetracotie is introduced at a concentration of 
10“®mole/mole in different hosts. Single crystals aie made by Bridgman tech- 
nique. Spectral measurements are recorded by spectrophotometer Spcctromom- 
202 . 

3. Result 

The spectra of tctracene guest molecule in different host crystals are shown in 
Fig. 1 . The broad spectra are obtained at room temperature. Tlie 0-0 band of 



Figure 1. Absorption speotrum of tetracene guest in different host crystals 

( ) in biphonyl, ( ) in naphthalen, { ) 

in anthracene, m carbazole hosts. 
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tlio lowest singlet transition of tetraceno in solution is at 21,000 This free 

jnolooular transition of tcjtraceno is depressed in energy in crystalline hosts and 
aj)pears at different positions in different hosts. It is observed that the O-D 
band of the lowo*st guest transition appears at 20491, 20408, 20366 and 19762 
in biphenyl, naphthalene, anthracene and carbazole hosts respectively. 

All the other bands can be assignc^d in terms of the upper state fundamental 
1400 cin-^. It is observed that the 0-0 band of tetracene is lowered in energy 
to different extent in different matrix and large energy shift is observed in carba- 
zole. The energy shift is of comparable magnitude in naphthabme and anthracene 
hosts. The analysis of the absorption sp(?ctra of mixed crystals is shown in Table 
1 and the calculated and experimental energy depression of the first free molecular 
transition of totraoene in different hosts is shown in Table 2. 


Table 1. Lowest energy absorption spectrum of tetracene molecule in dif- 
ferent host crystals at room temperature (26°C) 


Host 

Band peak 
position (cm~') 

v— Vo 

(cm~^) 

Analysis 

Biphenyl 

20491 

0 

0, 0 


21891 

1400 

1400 


23296 

2805 

2 X 1400 

Naththalane 

20408 

0 

0.0 


21808 

1400 

1400 


23210 

2802 

2x1400 

Anthracene 

20366 

0 

0, 0 


21766 

1400 

1400 


23166 

2800 

2x1400 

Carbazole 

19762 

0 

0,0 


21162 

1400 

1400 


22566 

2804 

2 X 1400 


Table 2. Energy depression of the first solution absorption band (21 ,000 oni'^ ) 
of tetracene molecule in different hosts. 


Host 

Calculated 

SE in cm“^ 

Observed 
dE in om”^ 

Biphenyl^®’ 

181 

509 

Naphthalene^^’ 

453 

592 

Anthraoene^*»> 

312 

634 

Carbazole^c’ 

832 

1238 


Calculated over sphere of radius 25 A 
Calculated over sphere of radius 3oA 
Calculated over sphere of radius SsA 
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4. Discussion 

Tl is obaervod that a froo moWjular transition ia lowered in energy wh(^n tlxe inolo- 
culo ia inaorted in tho lattice of a host crystal as a guest. Tlio theory ol’ tl\e energy 
dopreasion is dovclop(xl by Craig & Thirunaiuacliandran (1963). Tho energy 
depreaaion of tho guest transition duo to hoat-guost intc^raction ia givtui by 

wh.ere the denominator is tlio difference betw<x'n tlu^ transition <mergieH to tile 
r-th and s-th excited »states of guest and host. IIijc, Vk' tlio l\oat -guest inter- 
action energy and the primed sum omits Ih r- Vk' . Hon^ the host moltscule is 
eonaidorod at tho A:-th site of its Z-th unit cell and the guest molecule at tlio site 
fc' of tho T-th unit cell of the host. 

The matrix elements Uik, Vk* have boon calculated for tlioso mixed crystals 
considering interaction between translationally equivalent and non-equivalent 
molecules. The nearest and distant neighbour intoiactions have boon taken into 
account. The value of Hik, Vk* is found out from tho relation (Craig and Hobbins 
1965, Honma 1977) 

Hiki I'k' \ \f^h\^{^if^ik^ rif'—Srqjt, i>k*^hky Vh* 

ij 

where and /Ag are the molecular transition tiipole moments of the host and the 
guest respectively. dg\ x, y,z) are the direction cosines of tho transi- 
tion dipole moments fig and fin and r/*, vk* ~ Pat—Pa;' f integers) 

n 

(lonotoH the equilibrium position of the molecule at the ik-th site of the bth unit 
colJ relative to tho origin located at tlie position of the guest mohsitile, p* describes 
tile position vector of the fc-th molecule within tho unit coll and an 2 and 

3) are tho three primitive translation votitors of tlio unit cell of tlic crystal. 

Here the calculations are based on tho mixing of short axis polarized 4800 A 
(j j =:0.6855A) (Davydov 1962, Misra 196.5) system of tetracone with (i) tho 
320 oA (long axis, |^ | -=1.5A), 276oA(short axis, |p.l=1.24A) 22(H)A (long axis, 
/ = 1.7), 1670A (short axis, / — 0.8) system of naphthalene host. (Suzuki 1967) 
ii) tho 3800A (aliort axis, \/i\ = 0.61 A), 2500A (long axis, |/t| = 2.3A) 
2200A (short axis, / = 0.28), ISOOA (long axis, / = 0.66) system of Anthracene 
host (Craig 1966, Klevens 1960). 

ill) the 2474 A (sliort axis, / = 0.47), 2006A (long axis, / = 1.7), and 1600 A 
(sliort axis, / = 0.6) system of Biphenyl host. (Klevons 1960). 

iv) tho 33OOA (short axis, / = 0.042) & 290oA (long axis, / — 0.16) system 
of carbazolehost. (Zwarioh 1968, Siegel and Judcikis 1966, Schutt and Zimmerman 
1963). 

The crystal structure and the other relovent data for the calculations are 
given in the appendix. 





the no of molecules per unit cell. **Lij and Mij represents the cosines of the angle between the long and short axis of the mole- 
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In the case of Naphthalene the calculated and observed values of SE are in 
lesonable agreement but in the other cases it differs markedly. These disagree- 
ment is probably due to the evaluation of the interaction energy by point multi- 
polo expansion since the point multipole expansion is valid only (Craig and 
Thirunamachandran 1963, 1964) when the condition r< + /y< is satisfieii, 
where i and j are any two charges in the distributions of k and k' molecule, and 
Tj are the distances from the molecular centres. In our case the above relation 
does not hold for some zones of the ci^arge distiibution in nearest neighbour 
molecules excepting the Naphthalene- tetracenc mixed crystal where tlie calculated 
value of dE approaches the observed SE value. 

The low calculated value of SE compared to that of experimentally obKSorvt>d 
in biphenyl, anthracene and carbazole host could be due to our neglecting the 
overlap of chaige distribution between tfee noarcst-neighbours & higluM- multipol(» 
interaction between the host and the guest. Configuration interaction of this 
lowest singlet state of tetracenewith the ion-pah* (Choi et al 1964) exciton states ol 
the host may also contribute to the depression of energy. 
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Electronic polarizabilities and sizes of alkaline earth and 
chalcogenide ions 
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An analysis of electronic polarizabilities and sizes of Ca®+, Sr^*^, Ba^^ , 

S^-, Se^- and To^- ions has boon performed. The crystallino state values aro 
obtained from the solution values using Ruffa’s theory and polarizability 
radius cube relation. Calculated values present good agreement with other 
studies. 


1. Introduction 

Tho electronic polarizabilities and ionic radii have played a prominent role in 
the development ol‘ crystal physics (Pauling 1960, Tosi 1964). There have bo(3n 
numerous attempts (Fajans and Joos 1924, Born and Heisenberg 1924, Pauling 
1927, Mayer and Mayer 1933, Sternhoimer 1957, Tessmaii el al 1953, Pirenne and 
Kartheusor 1964, Ruffa 1963, Boswarva 1970) to evaluate tho electronic polari- 
zabilities of ions. The method of Ruffa (1963) alongwith a relation between 
polarizability and ionic radius (Jai Sh anker et al 1973) has been very useful to 
understand tho difference between free state and crystalline polarizabilities 
(Jai Shank(3r and Verma 1975, Jai Shanker and Agarwal 1976). Tho crystal 
electronic polarizabilities of alkaline earth and chalcogenide ions derived from 
tho crystal refraction data (Boswarva 1970) differ from the free state polariza- 
bilities in an interesting manner, being larger for cations and smaller for anions 
than the corresponding fret^ state values. An analogous situation exists for ionic 
radii also. Fumi and Tosi (1964) and Tosi (1964) have demonstrated, by analysing 
the crystal data for alkali halides within tho framework of the Born model, that 
crystal ladii for cations are larger and those foi anions aie smaller than the free 
state radii. However, it does not appear to have boon estabhslied experimentally 
that the ions exist in free state (Yamasluta and Kojima 1952). The existence of 
ions in solutions and crystals is an experimental fact. The interionic forces in 
solutions are quite weak and the ions can be considered as in free state. The 
electronic polarizabilities of ions have been obtained by Fajans and Joos (1924) 
from an examination of the indices of refraction of salts in aqueous solution. 


* Permanent Address s C. L. Jain Oollege> Firozabad (UJP.) 
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In the present study we investigate how these polarizabilities are changed when 
the ions are considered in crystals. An analysis of ionic radii is also presented. 

2 . Analysis of the electronic polarizabilities and ionic radii 

Following the energy level analysis of Buffa (1963) we can write foi the fn^e ion 

polarizability 






( 1 ) 


whore c and m are the electronic change and mass respectively, ft is Planck’s 
constant divided by 27r. Ef is an energy parameter which can loosely be referred 
to as being the mean excitation energy of the ion. n is the number of electrons 
in the ion. In the crystalline state, the energy parameter becomes modified 
owing to the existence of the Madelung potential and consequently the crystalline 
state polarizability is given by 


Eqs. (]) and (2) yield 

^ ^1 \ 

ctf \Ef—eVM/ 


( 2 ) 


( 3 ) 


where Vju, the Madelung potential, iw given by 


Vm 


AZe 

E 


( 4 ) 


where A is the Madelung constant, E the intorionic separation and Z — 2 in crys- 
tals of alkaline earth chalcogenides. 

Values of Ue for Ca®+, Sr®+, and Ba®+ ions calculated from equation (1-4) in 
twelve crystals are listed in Table 2. The input data are given in Table 1. Eq. 
(S), however, cannot bo used for anions because of the contribution of excitation 
levels to the anion polarizability in the crystal which has no corxnterpart in free 
state. In addition, quantum states above the first ionization continuum contri- 
bxite substantially to the free anion polarizability. For evaluating «« nf anions, 
we therefore make use of the following relation (Ja iShanker et al 1973). 


3 



where fe *nd r/ are the ionic radii in crystalline and free states respectively. Using 
(tte/a/) as calculated from eqn. (3) and rf from Pauling (1960), we have estimated 
re from eq. (6) for Ca*+, Sr*+ and Ba*+ ions in different crystals. These are 
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reported in table 1- Now the values of r„ for chalcogenide ions oan be deduced 
by subtracting the appropriate cation radius from the interionic sepaxation if. 
The crystal radii thus obtained are given in Table 2. Now we evaluate oCg for 
chalcogenide ions from eq. (6) using the data on Uf and rf given in Table 1 . 

Table 1. Values of input parameters 


Crystal 

«(A) 

»■/+(!) 

r/_(A) 

*/+(A®) a/. 

-(A«) 

CaO 

2.40 

0.99 

1.40 

0.61 

2.75 

CaS 

2.84 


1.84 


8.6 

CaSe 

2.96 


1.98 


11.2 

CaTe 

3.17 


2.21 


16.7 

SrO 

2.57 

1.13 

1.40 

0.80 

2.76 

SrS 

2.94 


1.84 


8.6 

SrSe 

3.12 


1.98 


11.2 

SrTe 

3.24 


2.21 


16.7 

BaO 

2.76 

1.36 

1.40 

1.68 

2.76 

BaS 

3.18 


3.84 


8.6 

BaSe 

3.31 


1.98 


11.2 

BaTo 

3.60 


2.21 


16.7 

Table 2. 

Values of electronic polarizabilities (in A®) and 

sizes of ions 

Crystal 

ac+ 

flCc- 


fc- 


CaO 

1.16 

1.33 

1.30 

1.10 


CaS 

1.00 

5.68 

1.24 

1.60 


CaSe 

0.97 

7.64 

1.23 

1.73 


CaTe 

0.92 

11.04 

1.21 

1.96 


SrO 

1.70 

1,63 

1.42 

1.16 


SrS 

1.54 

5.32 

1.37 

1.67 


SrSe 

1.48 

7.93 

1.36 

1.76 


SrTe 

1.46 

9.91 

1.34 

1.90 


BaO 

3.50 

1.11 

1.72 

1.04 


BaS 

3.12 

4.85 

1.66 

1.52 


BaSe 

3.04 

6.06 

1.65 

1.66 


BaTe 

2.93 

9.60 

1.62 

1.88 
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3. Discussion 

We observe from Table 2 that the radius and polarizability of a given ion vary 
slightly from one crystal to another. The additivity rule, which implies that the 
radius and polarizability of a given ion remain constant in different crystals, holds 
only in an approximate manner for the crystals under study. In table-S we 
compare the average values of the calculated crystal polarizabilities with those 
derived by Boswarva (1970) from the experimental refraction data. For the 
sake of contrast we have also includtKl in Table 3 the polarizabilities corresponding 
to free state. It is convincing to observe that polarizabilities of alkaline earth 
and cbalcogenide ions calculated in the present study (Table 3) are closer to the 
values corresponding to experimental refi action data derived by Boswarva. 
This suggests that the Madelung potential existing at ionic sites is largely res- 
ponsible for tile change in electronic polairizabilities from free states to the crystal. 
A comparison of free state and crystaUino polarizabilities reveals the loosening 
of cations and tightening of anions in crystals relative to free state. This predic- 
tion is in tune with earlier investigations (Fajans and Joos 1924, Potrashen et al 
1960, Ledovskaya 1969). 

Table 3. Comparison of average crystal polarizabilities ac in A® with the 
values (a) Derived by Boswarva from experimental refraction data and (b) 
Oorrosponding to free state (Pauling) 



Ca2+ 

Sr2+ 

Ba»+ 


R2- 

Se2“ 

Te»- 

Present 

l.Ol 

1.54 

3.16 

1.32 

6.28 

7.38 

10.18 

(«) 

1.21 

1,92 

3.51 

1.69 

4.71 

6.18 

8.45 

(b) 

0.47 

0.86 

1.66 

3.88 

8.60 

10.60 

14.00 


An important aspect of the present study is the evaluation of the crystal 
radii which are found to be larger and smaller by about 0.30 A, for cations and 
anions respectively, than the values corresponding to free state (Table 4). These 
differences can be considered as a measure; of the ionic deiormation when the ions 
pass from free state to a crystal as emphasised by Tosi (1964). Studies on ionic 

Table 4. Comparison of average radii fe in A with the values (a) Based on 
the criterion of Fumi and Tosi and (b) Corresponding to free state (Pauling) 




8 ra + 

Ba»+ 

o *- 

s »- 

Se2- 

Te8“ 

Present 

1.24 

1.37 

1.66 

1.10 

1.66 

1.72 

1.91 

( a ) 

1.29 

1.43 

1.66 

1.10 

1.69 

1.68 

1.91 

( b ) 

0.99 

1.13 

1.35 

1.40 

1.84 

1.98 

2.21 
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radii porforrnod by Fumi and Tosi (lfl64) rovoal that the crystal radii for cations 
and anions arc?, respectively, larger and smaller by about O.SOA than Pauling’s 
fre(^ ion radii. Based on this criterion of Fumi and Toai (1964) wo obtain the radii 
for alkaline (^arth and chalcogenide ions as listed in Table 4. It is encouraging 
to observe from there that our calculated radii present a good agreement with 
those of Fumi and Tosi. 
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The molecular polarizability and intermolecular interaction 
potential function of adamantane 

(Miss) Riiniii Knila*, Lalji Dixit** and P L Gwi^a 

Analytical Fhyaicn Section 

Indian Tnatituto of Petrolmnii, 0ehra Dun 

Kocoivod 11 Noviunbor I97f). revised 0 Dc^cenibcr 1978 

A stutly ot bcjiul contribuiitm tp- the avera^^o inolocular polarizability of ada- 
rnantano (CioHi^) has been mikle using delta function potential model of 
chemical binding. Using polarizability data and Xirkwood-Miillor, Uondoii 
and Slater-Kirkwood formulae, the intermolecular potential function has 
boon evaluated and'disousseil. It is concluded that the results for molecular 
constants; A ^ 22.44x10^®’^ ergs cm** and B =-■ 97.05 x ergs cm^^ 

obtained from heat of vaporisation, l.K. and lattice -energy considtirations are 
difficult to be interpreted in terms of polarizability data obtainable from 
rc'fractive index ini^asuroments or semi •em])irical quantum mechanical model 
for the molecule in question. 


1. Introduction 

Th(^ hydrocarbon is charactorised by its 8ovoral isomeric forms viz. d-limo- 

noiK), dii>ontoius a-pinono, /?-piiuuio, torpinoliuio and adamantano. Owing to 
tho high symmetry of adamantano, {Ta), considorabli^ intorost lias boon shown in 
t]u> >study of its sp'ctro -chemical proportion with a viow to got bettor insight of 
its stnicturo and bonding. Tims, Iho studios on physico-chomical properties 
(Loo and Slutsky 1975), form of intor-aiid-intra-molocular potential functions 
(Breitling el at 1971), distribution of lattice dynamical froquoncios (Syndor and 
Schaohtschnoidor 1965, Luty 1971, Vonkataraman and Sahani 1970, vStockmoyor 
and StillorJ1968), natun^ of molooiilar vibiations (Cyvin 1972, Cyvin et al 1971), 
gas-phaso electron diffraction (Hargittai and Hodberg 1972) and other electro- 
optical properties (Apploquist et al 1969) have appeared in literature. 

Adainentano is a molecular crystal like hexamine. Recent measurements 
indie ate" that above 208K, it has a cubic fee structure while below this tempera- 
ture, a tetragonal structure wcnild be more stable. The dynamics of this molecule 
has been studied experimentally using slow neutron scattering by Stockmoyer 

♦C.S.I.R. (New Delhi) Reseaich Fellow 
**To whom the oorrespondonoe should bo addressed. 
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aiid fcjtillor (1968). It luuftt be pointed out that adamantane in the higlx tempera- 
ture phase m a plastic crystal and is known to show hindonxi rotations amongst 
the equivalent configurations. Because of the large amplitudes, the rotational 
motions cannot be descjribed satisfactorily within the framework of l^armonic 
approximation. 

Recently, Let) and Slutsky (1976) have used the static lattice energy derived 
from experimental lieat of vaporisation to deduce intermolecular potential func- 
tion parameters A and B which in turn have been applied to test the adequacy 
of assumed potentials (Hirschfelder et al 1964) involved in Kirkwood -Muller, 
London and Slater-Kirkwocxl deductions. After solving the simultaneous equa- 
tions of coliesive energy in terms of nearest neighbour distance r and static equi- 
librium nearest neighbour distance Lee and Slutsky obtained the value of A 
as 22.44 X 11) ergs cm® and B as 97.05 x erg>s cm® respectively. However, 
tjie same values of A computed from aforementiomKl deductions have been reporten.! 
not to exceed 6.36 ergs cm®. This enormous difference in the magnitude 

of A obtained from various approaches assuming that change of phase does 
not significantly affoot the value>s of those parameters, warrants further investi- 
gation of several input data like polarizabilities, diamagnetic susceptibilities etc. 
required in the expressions of intermolecular potential function parameter A. 
In the present communication, we have studied the polarizability of adamantane 
by computation of London dispersion energy. The polarizability would be computed 
quantum mechanically using the delta function potential mocol of chemical binding 
(Lippiiioott and Stutman 1964) and improvoment in the results for A over the data 
of Lee and Slutsky would be examined. Accordingly it is assumed that at each 
nucleus there exists a potential whose magnitude is infinite at a very small interval 
of the coordinate of motion and for the large intervals the magnitude of potential 
is zero. Thus the assumed potential follows tlio properties of delta function i.e. 
do; = 00 when a; — 0 and Sx — 0 when x ^0. However integral of potential 

over all the space is finite i.e. J Sxdx =: i for any argument of x and equals to a 

— «0 

parameter called delta function strength. At each nucleus, then a delta function 
wave function is generated representing the probability amplitude of tlit) eloctrt^n 
for this isolated nucleus. Those delta function wave functions are then linearly 
combined to form molecular orbitals with the restriction that only two electrons 
may interact at a time and that too when bonds exist between the atoms. 

2« Procedural details 

2.1. Molecular polarizability 

Lippincott and co-workers (1964, 1966) have proposed relevant equations to com- 
pute parallel and perpendicular components and thereby arrived at average mole- 
cular polarizabilities based on Dirac delta potential and Hylleraas (1930) and 
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Haaae’a (1931) variational treatment, 
can be expressed as : 

Using proper coordinate of nuclei, a*f 


^ [S 2a J 

6 i ^ 

(1) 

where, 

4krvA^2{V<^o)\<^^>?(r 

(2) 

and 


(3) 

where, 

<«•> =■ ^-+ 2o3i.„ 

(4) 


In the oxproaaions (2) and (3) n in the bond ordor, is rodncod delta function 
Strength, is Bohr’s radius of atomic hydrogen, x is electronegativity and a tlu> 
atomic polarizability. TJie summation extcmds over all the bonds (i) and atoms 
(j). The quantity <x^'> is the expectation value of electronic position squared 
along the bond axis and computed from the equation (4) where Ri^ 1^^ internuclear 
distance and CR^^ — NiN 2 )ixAiA 2 for a pair of bonded atoms; are the 
principal quantum numbers of the atoms forming the bond and iSTj, ZV'g are twice 
the value of their group number. Finally and A 2 are the delta function strengths 
acting on the nuclei of atoms 1 and 2. The quantity ndfiB a symmetry and geo- 
metry dependent parameter derivable from the number of atoms {N) and bonds 
(nh) involved in molecular formation by the equation : vdf ^ (SN--2nb), Tlu^ 
applicability of this model to hydrocarbon systems lias been very well shown 
by Beran an Kevan (1968), Sanyal at al (1972, 73) and Dixit et al (1975, 76). 

2.2. Intermolecular potential f^inclion 

The potential energy of interaction between a pair of inohKUiles separated b^^' 
a distance ry is given by 

Uii = ^Aur^\Br^f^2 (5) 

The corresponding cohesive energy per mol in terms of nearest neighbour 
distance r may bo written as 
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wJv'H^ N is Avo^adro’s nuiiiln^r and C^^ in oqiial to {r/vij)^ and A and B aro intor- 
inolocular* potontial parajnotors. TKo »statie oqni librium moaroat iioighbour dls- 
taiKu^ ill forms of A, JS and Cy^ iH givon by 

7’^® ~ 2C^2^ICqA (7) 

Lomlon (1930) olitainod disporsion oiuwg}^ oxprossion in terms ()f average molecular 
polarizability using closer approximation as 

A ^ I ^ia2lEi£2/(£i+£2)l (8) 


whore Ei and could bo approximated by using ionization x>otontials. Utilizing 
this model and following Margonau’s (1939) generalization for /-charges, equation 


(8) yields, assuming v to be the vibrating frequency, 

A ~ (Sl4)oc^hv (9) 

4' (10) 

(11) 

where A' and A'" represent second and third order contributions. If v and a are 
known, / can be estimated. Eliminating v, one finds 

A =|-[eW//m,l* (12) 

A' ^ [fe*a*/me] (13) 

A'' ^ *32 [^V-*/ft7w,cl(a//me)i (U) 


If /is identified with A, (equation (12) is identical with Slator-Kirkwood (1931) 
model. Hence tlie London dispt^rsion energies involve a series of terms in which 
the higher terms correspond to qiiadrupole-indiiced dipole and higher order effects, 
i.e., 


r® 


^A: 

^8 


A" 

^ 12 

rlO” 


(JidtB) _ 


(16) 
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Mason and Monchik (1967) pointod out that London formula [A -- givos 

roaults that aro low; Kirkwood-Mixllor formula (^1 — 3 mc^ux) would yiold too 
high results and only Slater-Kirk wood formula (^1 — ^ehoc^^^N^/STTw.^)^ with usual 
notations) would lead to remarkably accurate rx^sults. As such we have rwal- 
culated the value of A using Slatcw-Kirkwood approacli where contrilmtions of 
higher order term A' and A" havt^ been separately estiinaied along with fresh 
sot of a-valuos deduced quantum mechanically. 

3. Results and Discussion 

TJxc interatomic separations of carlxm -carbon (secondary and tertiary both) and 
tjarbon-hydrogen bonds have been taken from tlie electron diffraction measure- 



Figare 1. Model of tho Aclamantane moloculo showing iho atom numbering 
oloctron diffraction values /?(C-C) ” 1.540 Hr O.OO 2 A, jK(C*H) = 1.111 A Hh 
O.OO 4 A, after Hargittai and Hedborg (1972) 

monts of Hargittai and Hedborg (1972). This includes “= 1.540A and rc^n 
~ 1.111 A which are thermal avortige internuclear distances. TJie delta function 
strengths acting at the nuclei of carbon and hydrogen are Ac = 9.98 a.u. and 
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Ah — 5.92 a.ii. Atomic polarizabilities of carbon and hydrogen arc 10.26 x 
and och ~ 4.07x respectively. These values of .4 and a are 

such til at they give component polarizabilities of (G—C) and {C—H) bonds close 
to those of Denbigh’s measurements (1940). Considering expectation values of 
electronic position squared, <x^>, in the bond region of several interatomic 
configurations, wo Have generated component bond polarizabilities for various 
interatomic distances This includes 26 bonded distances (Figure. 1) ropresen- 

tin gthe tetrahedral geometry of adamantane. The reported average polarizability 
of adamantane as 166.0 x 10’*26 cm® is much lower in comparison to our computed 
result 218.99 x 10"®^ cm®. Now we compare average polarizabilities of other hydro- 
carbons lying in the same carbon nitmber range. All the CjoHg non-alternant 
hydrocarbons, e.g., fluorene and azulene show um values lying around 180xl0~®* 
cm® (Dixit et al 1976). As the number of C and H atoms per molecule increases 


Table 1. Bond and molecular polarizabilities and intermoleoular potentia Iparametera 
of adamantane 


Values in 10“®’’^ 


Polariza- a-values 
bility X 10-®®cra 

components 


erg cm® 


VMVX 

* parameters Kirkwood London 
formula formula 

Slater 

Kirkwood 

formula 

a„[C.H] 

6.68 





anfC-Cl 

26.86 

A 

6.35 

3.06 

6.30 

Sail 

492.74 


8.38 

6.38 

9.66 

aS2aj. 

163.99 





^^{cale.) 

218.99 

A' 

— 

— 

0.623 

^^(esrpt) 

166.0« 

A'^ 

— 

— 

0.016 


447.2® 







A corrected 





690.0C 


— 

— 

10.188 


383.4‘* 






References 


Lee and Slutsky (1975) 

This work; without 
higher order corrections 


This work; Eqn (13) 
(see text) 

This work; Eqn (14) 
(see text) 


This work; appl 3 rmg 
higher order corrections 


^expt 

22.6 

Bridgman piston cylinder measurements Breitling et al 


22.44 

1971) Lee and Slutsky (1975) 

ffexpC 

44.06x10-101 

Figures in parenthesis show computed value. 


97.06 X 10-101 erg emia 


(Intemuclear distances taken from gas phase electron diffraction Hargittai and Hedberg 
1972) 

(a) Using Olausius-Mossotti equation and refractive index 

(b) Using London formula and A values from Lee and Slutsky (1976) 

(o) Using Kirkwood-Miiller formula and A values from Lee and Slutsky (1975) 

(d) Using Slater-Kirkwood formula and A values from Lee Slutsky (1975) 
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tho value of oLm rines and for pyrene this value m found to be 290 x 

tiin^. For the hydrocarbons in the range CjQ-Cig the value of 1*3 expected to 
lie between ISO and 290 x 10-2a cni3. Against this, a value of 165,0 x 10 
taken by Leo and Slutsky (1975) for Ci 0 ll|g for the computation of parameter A 
seems to be on lower side. This level of value is expected for compounds with 
formula CioHg (ignoring other effects due to phasechange). Hence frosli evaluation 
of the parameter A has been juade by us and given in table 1. Higher order 
contributions to r coefficient of London dispersion formula have also been given 
in the same table. • Our theoretically coraputed coefficient of r ® — 10.187 x 

10 ergs cm®) would show significant iiuprovomont over those calculated by 
Breiting et al (1971) and Lee and Slutsl|y (1975) although ovim then the value is 
far away from the experimental value of 22.44 x 10 ergs cm®. This would mean 
tliat the results of London dispersion tlieory obtainable froju ~ ( 3 / 4 )/a 2 

could hardly be consistent with r^® coefficient A = erin®/i/(?i— 0), unless higher 
order contributions bo ttdven into accoilut. However, wo too could not achieve 
satisfactory results very close to the elperimental values, but the improvement 
is significant withiix the limitations of London (lisi)ersion theory. Better agree- 
ment would be possible by considering higher* order contributions. This would 
imply that other alternatives using sublimation energy crystal lattice parameter 
and compressibility data and (iouided with suitable |)otential function should be 
searched for achieving better results. Such a study for a series of globular hydro- 
carbons is in progress. 
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Abstract. INDO- method of Pop]e and Beveridge has been applied to study 
the electronic structure of fluoro-e^ylenes. The present study has predicted 
dipole moment, ionization potential, total energy, binding energy, spin density 
and hyperfine coupling constants. ' The calculated dipole moment values and 
ionization potentials are in good agreement with experiment. The net charge 
distributions are derived and shown in the figure. 


1. Introduction 

Tho fliKirirK^ substitiittHl otli^dc^iKts Jiavo drawn t3u> attontion of a animbor of 
workors for tlio thoorotical and oxp(»riiiiontal iStudy thoir npoctra and Htruc- 
turo. Bolanzor et al (1969) havo rocordod the vacuum ultra-violet spectra of 
fluoro-ethylenos between 60,000 cm-* and 80,000 cm-i. Watson and co-workers 
(1970) have theoretically examined tho electronic transitions of ethylene deriva- 
tives using extended Hiickel-achemo with, Mulliken-Wolfsberg-Holmholtz para- 
metrization. 

Recently Lake and Thomson (1970) have measured photoelectron spectra 
of ftuoro-, ohloro- and chlorofluoroethylenos. Ionization potentials of those 
compounds have been found in tho range 6 to 21 eV. Landan et al (1969) have 
done Htickol calculations on the spectra of fluoro-ethylenes but their results 
faU to account for tho observed spectra. Tho vacuum ultraviolet photolysis 
of tho difluoro-ethylenes has been done by Guillory and co-worker (1976). 

Although the electronic structure of fluoro-ethylenos has been studied by 
several workers no unanimity has been reached on their interpretation. Tho 
theoretical study is limited to the application of preliminary 7r-olectron approxi- 
mation methods which are not able to account properly for the observed spectra. 
It is Qflaft Tit.ia l to uso improved semiempirical (jr-ftr) electron approximation 
method and the purpose of tho present calculation is to make an attempt to gain 
more precise information using INDO-proceduro to fluorine substituted ethylenes. 


* Department of Physios, S. P. Jain, Ooll^ie, Sasaram. 
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2. Procedure 

The elements of Fock matrix F, in the INDO method, are 


^(^bb-Zb)Yab 




[I atom A 

atom A 

II — > atom A 
V —► atom B 


and 


^i».v I = j j /tT^ 

tho symbok having usual moaning. 

Using thedo F inatriooa the equation of Hartree Fock-Rootliaan (1951) was 
solved, and the energies were computed. The present calculation was carried 
out using the modified version by Ansari (1974), of the program of Del Bene and 
Jaffe (1968). The geometry has been assumed on the ba.sis of work by Laurie 

(1961). 

The oxprea.sion for the isotropic hyperfine coupUng constant of atom A, 
due to Poplo e< al (1968), is given by 


ttjv = < 'Sz>~M9^Sw(%)r'* ] Ps^Sjj 

where g is the electronic g factor, /? is the Bohr magneton, yjv ia the gyromagrietic 
ratio of N and Bn ia the position vector of N. 

The expectation value of the spin density operator at the nucleus of atom N 
is 

< f 1 P^{Rll) \f>= PSjfSjf I <f>SN(^N) I *• 


3. Results and discussions 

The net charge distributions of b.alogen substituted ethylonos have boon sliown 
in figure 1. Wo find that fluorine atoms in all compounds bear negative charges. 
Each fluorine suKstituted ethylene is endowed with the two carbon atoms of 
the € = C bond, and the charges on C-atoms and hydrogen atoms are positive. 
The numerical value of charge on fluorine atoms in 1, 1 di-fluoro-ethylene is 
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much larger than thoao in 1 ,2-trans-(li- and 1 ,2-cis-di-fhioro-et.hylenoa. The 
explanation ia rather trivial. 



Figure 1. Net charge distributions of fluoroethylone (INDO). 


Dipole moments : 

The calculated dipole moments of fluorine suhatituted ethylenes are listed 
in table 1, and the observed values are included with their referencoa. The 
calculated dipole moment value of mono-fluoro-othylene agrees well with Iho 
observed value of Mirri et al (1981). The theoretical values of dipole moments 
(^) of 1,1- and 1,2 cia-difluoro-ethyleno are near the experimental values of 
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Roberts and Edgell (1949) and Laurie (1961) respectively. The dipole moments 
of 1,2-trans-di- and tetra-fluoro-ethylenos are zero because of symmetry considera- 
tions, and that of tri-ftuoro-ethylene is about two and a half Debye units. To 
our knowledge the experimental values of dipole moments for 1,2-trans-di- 
fluoro-ethylone, tri-fluoro-ethylene and tetra fluoroethylene are not known. 


Tftble 1. Dipole moment values of fluoro-ethylenes in Debye units 


Molecule 

/^obsd.) 

D 

Ref. 

^(calod.) 

D 

Method 

CHa = CHF 

1-427 ±0-010 

a 

1-483 

INDO 

1,1-CHa = CFa 

l-366±002 

b 

1-420 


1,2-CHa = CFa(ciB) 

2-420 ±0-02 

c 

2-523 


1,2-CHa = CFa(trans.) 


0-000 


CFa = CHF 



2-671 


CFa = CFa 



0-000 



a : Roberts et al (1949); h : Laurie (1961); c : Bralsford and co-workers (1960). 


Total Energy and Binding Energy : 

Tho total energy and binding energy of fluoro-ethylenes are presented in 
table 2, Our INDO calculation predicts that the total energies of 1,1-di-fluoro- 
ethylene, 1 ,2-cLs-di-fluoro-othylene and 1,2-trans-di fluoroethylene are of the 
same order; and their binding energies are nearly equal. The numerical value 
of total energy varies in the order Mono-fluoro-eihylene < Di-fltxoro-ethylone 
< Tri-fluoro-ethylene < tetra-fluoro-ethyleno. The binding energy of the mole- 
cules varies in the same order except difluoro-ethylene. 


Table 2. Total energy and binding energy of fluorine substituted ethylenes. 


Molecule 

Total Energy 

Binding Energy 

Method 

CHa = CHF 

- 43-621 

-1-726 

INDO 

l,l.CHa CFa 

- 71-058 

-2-362 


1,2-CHa CFa(ois) 

- 70-978 

-2-272 


1,2-OHa — CFa(tran8.) 

- 70-979 

-2-273 


CFa « CHF 

- 97-609 

-1-894 


CFa =» CFa 

-126-008 

-2-482 
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The Lcfweat Ionization Potentials : 

The lowest ionization potentials by Koopnian’p tlieorem are collected in 
table 3, which includes the observed ionization potentials obtained by Lake and 
Thomson (1970), Bralaford et al (1960) and Lifehitz and Long (1963). The first 
ionization potential (IP) varies in the order 1 ,2-ci8-d.f.o. > 1,2-trans-d.f.e. > Mono- 
f.e. > 1,1-di-f.e. > totra-f.e. > tri-f.e. 


Table 3. The Lowest ionization potential of fluoro-ethylenes. 


Moleoulo 

V 

Experiniental 


Theoretical 


IP(eV) 

Ref. 

Method 

IP(eV) 

MO Method 

CHa = CHF 

10-37 

a 

Photoeleotron 

10-26 

(T 

INDO 


10-37 

b 

Photoionization 

10*28 

O’ 



10-45 

c 

Electronimpaot 

10*42 

(T 


hl-CHa CFfl 

10-30 

‘b 

Photoionization 

10*246 

n 

INDO 

10-31 

' a 

Photoolectron 

10*362 

n 



10-46 

c 

Electronimpact 

10*366 

cr 


l,2.0Ha = OFa(ciB) 




10*632 

<x 

INDO 




10-624 

IT 






10*620 

It 


1,2-CHa = CFa(trans) 



• 

10*629 

10*692 

n 

cr 

INDO 





10*710 

cr 


CFa « CHF 




10*09 

cr 

INDO 




10*11 

n 






10*16 

cr 


CFa *= CFa 

10-11 

a 

Photoelectron 

10*23 

cr 

INDO 


10-12 

c 

Electronimpact 

10*35 

Tt 



10-12 

b 

Photoionization 

10*30 

It 



a : Lake et al (1970); 6 : Bralsford and co-workers; c ; Lifshitz et al (1963). 


Tho calculated first ionization potential of mono-ftuoro-othylono is close 
to the experimental IP of Lake and Thomson (1970), and the theoretical valu. ^ 
of highor IPs aro a reasonably good agreement with experimental values. The 
calculated first ionization potential of 1,1-di-fluoroethylene agrees well with the 
observed IP obtained by Bralsford et al (1960). 

Prom the present calculation the first ionization pot<Mitials of l,il-tis-rli- 
fluoro-ethylene, 1 ,2-trans-di-flMoro-ethylone and tri-fhioro-ethylone are predicts 
10-632, 10'629 and 10*09 eV respectively. The first ionization potential of totra- 
fluoroethylone is computed 10*23 eV and the observed TP is 10*11 oV. The 
experimental data for ionization potentials of 1,1-di-; 1 ,2-tran8-di- and tri-fluoro- 
ethylcnes appear to be unknown. 

Spin density and hyperfine coupling constant : 

The spin density and hyperfine coupling constant (h.c.c.) of the systems for 
the ground state have been calculated using HP orbitals, and summarized in 
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table 4. It is found that fluorine and carbon hyperfine coupling constate u> 
1 l.,li-fluar(>-etliylene are of the same sign, and the fluorine h.c.c. in ono-, 

’ . - and totra-fluoro-ethylones bear negative sign. The present caculation 

Licrto, thM, t,>„ Vo... in , .S-oi-di-Snoro-otMono .» 

tU.t in ,ri.«uoro.ethyto„ » nog.«v«. Tho .tndy pred-oK tho 
Sign for carbon li.c.c. of fluoroethylenos with the exception of 1,1-di-fl o - 
othvlene Tho hydrogen and fluorine spin density are all positive for 1,2-cis-di- 
ttlthyicno. Wo Lnot. howov..,, con,™ont, foo tKo «n « 

.,!• tliese data, sitieoth<» experimental values of spin density and hyperfine p g 

constants for fluoro-ethylenos seem to be unknown. 

Table 4. Spin density and hyperfine coupling constants of fluoroethylenes. 


Molecule 


Atoms 


Hyperfine 

;S-orbital coupling 

spin density constant 
p A (gauss) 


CHa = CHF 

C 

C 

012 

-0-23 

7‘00 

9-24 



F 

-0-25 

- 6*92 



H 

-001 

- 0-82 



H. 

H 

0-00 

-0-29 

0-00 

-10*00 

1,1 -CHg 

= CFa 

C 

c 

-Oil 

-0-16 

- 6*88 
- 8*41 



F 

-014 

^ 6*64 



F 

-0-22 

- 6*29 



H 

0-28 

9*02 



H 

-0-30 

9*22 

1,2.0H2 

= CF2(ciB) 

C 

c 

008 

-016 

4*34 
- 6*36 



H 

0-12 

6*28 



F 

016 

4*68 



F 

0-23 

5*24 



H 

0-42 

12*10 

1,2-CH2 

= CFa(trans) 

C 

C 

-014 

019 

- 6*86 
8*29 



F 

0-34 

6*23 



H 

—0-92 

-10*28 



F 

-0-24 

- 6*92 



H 

0-82 

13*28 

CFa « 

CHF 

C 

c 

0-30 

-0-26 

9*09 
- 8*66 



F 

F 

-0-28 

- 6-28 



-0-31 

- 6-41 



H 

-0-32 

- 7*43 



F 

0-26 

6*98 

OFa « 

CFa 

C 

c 

-0-24 

0-37 

- 6*84 
7*92 



F 

-0-34 

- 6*97 



F 

-0-21 

- 6*21 



F 

—0*16 

- 6*89 



F 

-017 

- 6*96 


Method 


INDO 


INDO 


INDO 


INDO 


INDO 
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Abstract, Vibrational and rotational level spacings for Van der Waals Ar^ 
molecule by use of the Morse potential suggested by Konowalow and Hirsoh- 
felder (1961) is presented. Calculated results of vibrational energy spacing 
agree well with experimental and other theoretical calculations. The energy 
spacings of Ar 2 molecule are used to calculate the thermodynamic functions 
of the Van der Waals bond. 


1. Introductioii 

Vaai dor Waala moloculos aro weakly bound oomploxos of Biiiall atomw or moie^ 
ouloH hold togothor solely by intormolecular attraction. Unlike the moloeuleK 
held together by chemical bond Van dor Waals molocixles have very low dissocia- 
tion energy. Still then. Van der Waals molecules exhibit well defined vibrational 
and rotational energy levels. Recently both th€>oretical and experimental 
investigations are being done on these level spacings (Ewing 1976). Vacxium 
ultraviolet spectroscopic studies have recently yielded important information 
on the ground state vibrational structure and potential well depth of Ar 2 (Tanaka 
et at 1970), Krg (Tanaka et al 1973) and Xe 2 (Freeman et al 1974). 

Theoretical studies of the spectrum of Van der Waals molecules are mostly 
limited to numerical integration of the radial Sohrodinger aquation for complicated 
potentials. It will be useful if the same problem could be tackled analytically 
to yield explicit energy spacing expressions as preliminary source of information. 
Shin (1977) has formulated such expressions for the vibrational structure of Van 
dor Waals molecules in the ground electronic state. He used W.K.B. approxi- 
mation assuming Ijonnard- Jones potential for intormolecular interaction. 
W.K.B. approximation is suitable for large quantum numbers and to situations 
in which potential energy varies very slowly with distance. There may be some 
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doubt reg^dmg its suitability in the case of floppy Van dor Waals moleoules. 
Altefrnatively, on© can use simple Morse potential for which expression for the 
vibrational and rotational energy spacings can be obtcdnod simultaneously. 
This feature is not present with other phenomenological potentials. Kanowalow 
and Hirschfelder (1961) have suggested simple and accurate Morse potential 
functions for non- polar molecules. Apparently, Morse potential is erroneous 
for very large internuclear separation. But tlxe l)ehaviour of the potential 
energy at extremely large separation may not be so much important. At 
moderate separation the energy of interaction contains inverse eighth power, 
inverse tenth power etc., dispersion terms plus second order ©xchange/terms. 
Thus, it is quite possible that the Mouse potential may provide as good eis or 
better representation of the essential features of the true potential such as 
Lennard-Jones and Buckingham exp —6 potentials (Buckingham 1966). In 
this paper we shall use Morse potential suggested by Kanowalow and Hirschfelder 
(1961) to establish its uaetulness in determining vibrational-rotational structures 
of dimer in the ground electronic states. Detailed results on Arg molecule will 
be reported here. 

2« Eigenvalue eapreeeioit 

The shape of the energy curves for a typical diatomic molecule derived by Morse 
is given by 

£?-i>[l-oxp{a(fe-r)}]2 (1) 

where a is constant for a particular molecule, D is tlxo dissociation energy and 
Tc the equilibrium internuclear distance. The eigenvalue expression for this 
I)oUmtial can be written in the form usually employed in the study of observod 
spectra, as 

^ = 7e(w+i)-a;.ve(«f|F-| J{J + 

1 ) ( 2 ) 

V and J aro vibrational and rotational quantum mimborfi r(»apootivoly. Explicit 
expressions for v«, Be, De can bo obtained from Pauling and Wilson (1936). 

3. Vibrational structure 

For tho Van dor Waals Arj molecules, the well depth of interaction is known to 
bo 91-6 cm-i from spectroscopic studies (Tauaka at nl 1970). The coiTosponding 
value for tho Morso potential as found out by Konowalow and Hirschfelder (1961) 
is 99-91 cm For Argon, tlxe minimum distance r* for Morse potential is 
3-86 k. The value of r* obtained for fitting with Ltnmard-Jones i>otential is 
3-437 A. In table 1, wo have listed tho vibrational level spacing AG»+i for At* 
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and comparcxl the results with experimental data by Tanaka et al (1970), the 
numerical results by Docken and Schafer (1973) who used D = 97-83 cm"*^ and 
— 3-76 A and W.K.B. results of Shin (1977). The agreement between the 
present calculatioji with experiment and results obtained by Docken and 
Sohaf(»r (1973) who intcjgrated tlie radial Schrodinger equation numerically for 
a M.S.V. potential function and also by Shin (1977) . is reasonably good. The 
^^aluos are also in reasonably good agreement with the values obtained by Col- 
bourn and Douglas (1976) for the vibrational and rotational energy levels. They 
obtaituni their values by fitting tlie experimentally observed spectroscopic data 
together with informatioxi from long range forces and from the sec^ond virial 
coefficient into a potontial curve. For some high value of the vibrational quantum 
number MorSo potential yields values closer to expeiimontal values than any 
other calculations. Seven vibrational levels were obtained' by the i^rosent cal- 
culation similar to Docken and Schafer (1973) instead of only, five levels by 
Shin (1977). 


Table 1. Level epacings of Ara 





eq. (2) 

expt 

(Tcuiaka ai 
1970) 

Buoken and 
Schafer (1973) 

Shin (1977) 

0 

23-407 

26-0-26-7 

26-60 

26*53 

1 

19-736 

18*6-20-8 

20*14 

20-40 

2 

16066 

14-8-16-2 

16*06 

16-27 

3 

12-394 

9-2-11-3 

10*63 

10-12 

4 

8-723 

5-9- 8-0 

6*68 

4*99 

6 

6052 

- 

3-66 

- 

6 

1-380 

- 

1*42 

- 


80-326 

73*5-830 

78*01 

76-31 


All units are in om“^. 


4. Rotational structure 

Witli tlu^ UvS(^ of Morse potiyitial it is pofc.sible to dotermijio rotational energy 
levels aloiig with viluational levels. For Ar^, tlie calculated values of vg, a:^, JBgj 
De and ocg are : vg - 27-0779 cm ^ cTg -= -06778 cm-i, Be -066647 cm“ h 
Dg = —0-9916 X 10“^® cm" and ofg — -00336 om~^. Table 2 gives wave 

numbers of first few lini^s in ea jh F and R branclx of th(^ Fundamental absorption 
band contortsl at about 23*41 and tlie first overtone centon^d at about 

43*14 cm"^. The pattern of vibration-rotation spectrum is same as that of 



Vibrational and rotational level spacings 127 

chemically bonded diatomic molecules. Again the lines in the R branch become 
closely spaced with increasing state of excitation while the lines in the P branch 
become more separated. Tt is interesting to obst^rve that unlike Nog (Songupta 
1978) spacings betw^een lines are beyond the limit of roSohition. The feature 
may be attributed to reduced anharmonicity. 

Table 2. Part of the far infrared speotrum of Ar 2 molecule (in om^')- 



Line 

V 

S^aration Line 
<Av> 

V 

Separation 
<Av > 


^(1) 

23-297 

•116 

P(0) 

23*510 

•096 


■P(a) 

23-181 

•1822 

P(i) 

23*606 

•091 


^(3) 

23-0579 

•l|t03 

P(2> 

23*697 

*083 

t) « 0 


22-9276 

•l»66 

P(3) 

23*780 

*071 

to 

-P(6) 

22-7910 

•148 

Pc*) 

23*861 

•071 

V SB 1 

Ae) 

22-643 

00 

P(6) 

23*922 

•066 


-P (7) 

22-496 

•163 

P<6) 

23*988 

•067 


^ (8) 

22*342 

•162 

P(7) 

24*045 

•042 


-P (9) 

22-180 


P(0> 

24*087 



P (1) 

43*030 

*129 

P(0) 

43*230 

•090 


P<2) 

42*901 

•130 

Pci) 

43*320 

•071 

v « 0 

P (3) 

42*771 

•160 

P(2) 

43*391 

•060 

to 

P(4) 

42-621 

•169 

P<3) 

43-441 

•060 

v =5 2 

P (B) 

42-462 

*169 

Pc4) 

43*491 

•031 


P (6) 

42*283 

•188 

Pc6) 

43*522 

•on 


P<7) 

42*096 

•208 

P(8) 

43*533 

•002 


P(8, 

41*887 


P(7) 

43-535 



5« Thermodynamic functions; of the Van der Waals bond of Ar 2 

The information obtainerl for vibrational and rotational structures caai be used 
to calculate the thormodjniamic properties of Van der Waals bond. Knowing 
the energy spacings oxplioitely, the relevant partition function can bo estimated. 
As the motion of Van dor Waals molecules in anharmonic, the number of bound 
vibrational levels is not too largo. It is not possible to obtain simple analytic 
formula for the partition function. The function must bo evaluated by numeri- 
cal summation. 


S oxp(^AEvlRT) (8) 

t>-o 

where being the zero point energy. With the equation (3), 

the erfi^luation of thermodynamic functions becomes straight forward. The 
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pertinont tliormodyaamic functiouH for tho vibrational motion of the Van dor 
Waalfi bond aro 

(Q-E„)IRT - -In W 

(E-E^)IRT = Qvtb-^ S {AE„IRT) exp {-LE^IRT) (6) 

V 

Cvin =. S {AEpjRT)^ oxp(--AEvlRT)^[{E^Eo)IRT]^ (6) 

V 

and 

SfR — (E — Eq)IRT 4"bi Qvib^ (^) 

For Arg tho >summation in ovor v r- () to Vm - (>• All tho rolovant quantitioa 
foi* Arg aro condonsod in tablo 3. Tho table ahowa tho contribution of the vibra- 
tional and rotational motion to tho thermodynamic functions for Arg for three 
different temper a(t\ifres. Table 3 also contains values of rotational partition 
function defined by 


*fm 

j-o 




hOB, 

kT 


(8) 


Table 3. Thermodynamic Functions of Ar2 


T{K) 

Qvib 

-(G-Eo) {E-Bo) 

Cv 

S 

Qrot 

100 

2-93 

213-69 

161*81 

*886 

3*76 

370*17 

200 

4*47 

694*68 

173*10 

•242 

3*84 

403*49 

doo 

617 

979*47 

176*71 

•111 

3*86 

416*60 


a) and (i?— i^o) aro in units of cal/mol; S and Cv are cal/mol/deg. 


These data may bo important for the study of thermodynamic properties of 
Atg molecule. Here also the function must bo evaluated by numberical summa- 
tion (Jm — 20). 

When we recognise the simple form of Morse potential and the simplicity 
of equation (2), the agreement between the present cajoulation and the experi- 
mental results is good. Wo, therefore, may state that the Morse potential func- 
tion can be of practical importance in determining vibrational and rotational 
Structure of Van der Waals Arg molecules. It will be interesting to see for what 
Van der Waals molecule the Morse potential function fails to reproduoe a experi- 
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meniftl data aatisfaftorily. TJiia kiiul of attidy may throw hodio light as to tho 
nature of intorantion effective' in Van dor Waal-s hond. 
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Abstract Vibrational analyses of tho infi are d spectra of isoineric pyredyl 2- 
3- and 4-aldeh5’'do8 have been made in the erg ion 400—4000 cm”^ in liquid 
phase. Th<i fundamental frequencies are discussed considering Og point 
group for the geometry of the molecules. 

1. Introduction 

In continuation of our study of the vibrational spectra of monosubstituted 
pyridines (Tripathi & Tripathi 1976) vibrational analyses of the infrared spectra 
of pyridyl 2-, 3- and 4-aldehydes are proposed in this paper. 

Pyridyl aldehyde molecule is obtained by replacing a hydrogen atom of 
pyridine ring by (-CHO) group. Tt was shown by Jesson et al (1972) that ibe 
pyridine molecule has planar structure in ground state and quasi-planar in excited 
state. The molecules under investigation belong to ( 7 , point group if all the 
atoms of (-CHO) group lie in the plane of the ring. 

2. Experimental procedure 

The infrared spectra of three isomers of pyridyl aldehydes obtained froni 
M/S K. Light Laboratory England were recorded on Beckman-TItl2 infrared 
spectrophotometer in the froquency range 400-4000 cm~^^J^using KBr optics. 
Nearly fifty bands were observed in o- and m-isomers and sixty bands in the 
para-isomer. Detailed vibrational analysis are contained in the table 1 and 
assignments of the probable modes of the fundamental frequencies are given in 
table 2. The molecular weight of the pyridyl aldehyde and benzaldehyde is 
nearly the same, therefore, the ring and group sensitive vibrations of the two 
types of compounds should show resemblance. A comparison of the fundamental 
frequencies of the two type compounds along with that of formaldehyde (Herzberg 
1945) and pyridine will be useful in assignments (table 3). Most of the assign- 
ments are obvious from tables 1 and 2, therefore, only a few will be discussed 
here. 

•Present address — Department of Physics, Manchester University, Manchester, U.K. 
♦•Department of Physics, National Degree College, BcurhalganJ, Gorakhpur 273001, 
India (To whom correspondence should bo addressed). 
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Table !• Vibrational assigments for pyridyl 2 -, 3 - aud 4 -aldehydes (All values are in cm~^) 


Frequencies of monosuhatituted pyripenes 
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* Wilson’s notations are used 

8 =s strong, ms = medium strong, vs = very strong, w = weak, 
vw = very weak, sh = sharp, s' = shoulder 
V = stretching frequency, (— CHO) group. 



Frequencies of monosubstituted pyridencs 133 

Tftble 2. Correlation of fundamental frequencies of pyridine* bensaldehyde* 
pyridyl 2- 8- and 4-aldehydes (in om-i) 


Modes 

Species 

Pyridine 

Benzalde 
hyde 
Ref. 6 

Pyridyl 

2-alde- 

hyde 

Pyridyl 

3-alde- 

hyde 

III 

•'i 

a 

o' 

992 

828 

780 

800 

800 


t>x 

o' 

1376 

1311 

1370 

1380 

1886 

•'iss 

«a 

o' 

1482 

1489 

1456 

1460 

1490 



o' 

1439 

1463 

1420 

1416 

1410 


Ot 

o' 

1680 

1696 

1670 

1670 

1690 


6. 

o' 

1672 

1583 

1660 

1635 

1660 

V9b 


o' 

1218 

1166 

1140 

1186 

1190 

•'Its 


o' 

1068 

— 

1040 

1080 

1056 


<>t 

o' 

— 

1311 

1346 

1316 

1316 

•'it 

«i 

o' 

1029 

1000 

990 

1016 

990 

v»b 


o' 

606 

614 

650 

650 

645 

Ha 


o' 

542 

437 

496 

490 

490 

•'lOa 

6i 

o^ 

886 

852 

840 

830 

830 

•'lOft 

<»a 

o^ 

749 

744 

740 

766 

760 

H 


o^ 

676 

- 

706 

700 

720 

Viet 

<>1 

o" 

405 

-- 

430 

425 

430 

•'ita 

Oi 

o*' 

374 

— 

405 

410 

405 

•'to a 

<*1 

o' 

3036 

3033 

3040 

3040 

3020 

Hb 

Ol 

o' 

3064 

3088 

3060 

3080 

3080 


Table 3. Correlation of fundamental frequencies of pyridine, benzaldehyde, 
PSrridyl 2-, 3- and 4-aldehydes (in om-^) 


Fbrmalde* 

hyde 

enzalde- 

hyde 

Pyridyl 

2-aldehyde 

Pyridyl 

3-aldehyde 

Pyridyl 

4-aldehyde 

Assignments 

1167 

1166 

1140 

1185 

1190 

(C-H) bending 

1743.6 

1698 

1700 

1690 

1706 

v{0 « 0) 

— 

1204 

1170 

1206 

1220 

v(C.OHO) 

2780 

2736 

— 

2740 

2730 

y(O-H) symmetrioal 

2874 

2818 

2820 

2840 

2820 

(vO-H) asymmetrioal 
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3, Discussion 

Bing Vibrations 

Among the symmetrical ring vibrations of pyridine derivatives belonging 
to point group 0,, the {p^a are the lowest in frequency. Generally, 

they appear strongly in all substituted benzenes and pyridines in modified form. 
The (veft) vibration is less sensitive to substitution in comparison to vibration. 
The vgo vibrations has been assigned to a frequency lying between 400-600 cm*“^ 
in most of the pyridine derivatives. Its precise value depends upon the mass 
and nature of the substituent group. In substituted pyridines (Tripathi & 
Tripathi, 1976 and Green et al 1963, 1973) the vibration is found to increase 
slightly in magnitude upon substitution. In benzaldehyde (Imanishi 1961) 
this was reported at 614 cm“^. Three intense and sharp bands at 660, 660 and 
645 cm“^ in o-, m- and p-isomers of pyridyl aldehydes have been observed and 
assigned as the p^i vibration. The p^a luode has been identified at 496, 490 and 
496 cm-i. 

There are two prominent frequencies at 992 (v^, ring breathing) and 

1010 cm“"^ (Pi 2 ) trigonal mode) in benzene molecule. These vibration intermix 
in substituted benzenes. In pyridine they result into two symmetrical ring 
vibrations having frequency around 800 cm*“^ (vj) and 1000 cm~^ (vjg). In sxib- 
stituted pyridines the higher of those two does not vary much. But, the lower 
one is sensitive to the substitution. In pyridyl 2-, 3- and 4-aldfehydes the approxi- 
mate trigonal {P 12 ) assigned at 990, 1016 and 990 em“^ and ring breathing at 
780, 800 and 800 cm-^ respectively. 

In pyridine the mixed (C-C) and (O-N) stretching vibrations are seen in the 
region 1400-1600 cm~^. However, the intense absorption peaks at 1670, 1670 
and 1690 cm-^ and 1420, 1466, 1415, 1660 and 1410, 1490 cm-i are assigned to 
represent the e^g (Psa and p^t) and (piza and modes in the three isomers 
respectively. 

(-CEO) Group VihraJtions 

In 0 -, m- and p-pyridyl aldehydes the strong and sharp frequencies are 
measured at 1700, 1690 and 1706 cm“^. They are very prominent in the spectra. 
In the substituted pyi*idines (Green et al 1963, 1973), when the substituent group 
does not contain (0 = 0) group, such intense frequencies have not been observed 
around 1700 cm""'. In benzaldehyde (Imanishi 1961) and its derivatives (Jaiswal 
1966) a band appears near 1700 cm”"^ which is interpreted as (C = 0) stretching 
mode. Therefore, the fundamental frequencies around 1700 cm'”^ in all the 
pyridyl aldehydes can satisfactorily be assigned as (C 0) stretching mode. 
Another vibration involving (-CHO) group is stretching of (C-CHO) band. It 
is clear from table 2 that a fundamental near 1200 cm^^ in the infrared spectra 
of benzaldehyde (Imanishi 1961) and its derivatives appears invariably which 
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classified it as a characteristic vibration of (-CHO) group. The absorption peaks 
at 1170, 1205 and 1220 cm“^ in the o*, w- and |)»pyridyl aldehydes represent the 
(C-CHO) stretching vibration. The reduction in the magnitude of this frequency 
in pyridyl 2*aldehyde is attributed to the high electronegativity of the nitrogen 
atom. 

Three strong frequencies at 1140, 1185 and 1190 cm-^ are observed in pyridyl 
2-, 3- and 4*aldehydo8. These bands correspond to (v^), the inplane bending 
of benzene, which lies in the region 1150-1200 cm^^ Ballaus & Wagner (1940) 
have reported a strong band at 1167 cmi"^ as (C*H) bending vibration in formal- 
dehyde. Therefore, it is difficult to s^ whether this (C-H) vibration belongs 
to pyridine or the substituent group (-CHO). 
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Infrared absorption spectrum of pyrogallol 
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Infrared spectra of catechol and resorcinol have been well studied by Hidalgo et at 
(1960) and Wilson (1974). Raman spectra of o-, mr and p-dihydroxybenzenes 
were reported by Kohlrausch et al (1934). No such spectral studies have been 
reported so far for pyrogallol which is a tri-subatitutod phenol. Therefore the 
need was felt to record the infran^l absorption spectrum of pyrogallol and see 
the effect of one more OH group to the di-hydroxybenzene. 

The chemical used was procured from B.H.H. Co., England and was used 
as such. 

The infrared absorption spectrum of pyrogallol in the KBr pellet was recorded 
in the region 250-4000 cm" ^ on a Perkin Elmer double beam infrared spectro- 
photometer (m<xlel 621) under high resolution. Scan time was 32 minutes. The 
frequency accuracy is cm~^. The infrared trace of the said compound is 
reproduced in the Figure 1. The assignments of all the fundamental frequencies 
of pyrogallol is given in the Table 1 . 

Pyrogallol (1, 2, 3-tri-hydroxybenzene) is a tri-substituted benzene. As an 
approximation we may assume each of the OH groups to behave as a single mass 
point and lies in the plane of the ring, then the molecule pyrogallol would belong 
to the point group Cgv Apart from thirty normal modes of vibrations of benzene, 
there would be some more fundamental vibrations due to substituents. 

The choice of the fundamental frequencies is based on general correlation 
with the spectra of benzene (Herzberg 1945) w- and p-di-hydroxybenzene 
(Kohlrausch 1934, 1935), m-fluorophenol (Tripathi 1969), 2,6-; 3,4-; and 3,5- 
di-chlorophenols (Varadarajan et al 1971) and 2, 3-; 2, 4; and 2, 6-di-chlorophenols 
(Shrivastava 1970). Table 1 is self explanator 5 ^ We sl^all, therefore, discuss 
have only some points. 

The C-OH symmetric stretching vibration has been studied by many woikers 
(Kohlrausch 1934, 1936, Tiwari 1966). Kohlrausch et a? have reported this frequency 
at 768, 748 and 829 om~^ for o-, m-and p-di-hydroxybenzene. Present authors 
assign this frequency at 760 cm"”^ for pyrogallol. 
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Table 1. Aflaigmnents of the fundamental vibrational frequenoiee for 
pyrogallol 


Infrared 

frequencies 

om*"^ 

Intensity 


Assignments 

255 

8 

bx 

C-OH bending o.p. 

375 

W 

bx 

0-0 deformation o.p. 

426 

ms 

bx 

0-0 deformation o.p. 

535 

w 

at 

0-0 deformation i.p. 

660 

ms 


0-0 deformation i.p. 

715 

s 

6i 

0-0 deformation o.p. 

760 

vs 

Oi 

O-OH B3nnmetrio stretching 

826 

a 

6a or 6i C-H bending o.p. 

870 

B 

bx 

0-H bending o.p. 

925 

S 

bx 

0-H bending o.p. 

1000 

a 


Bing breathing 

1060 

vs 


0-H bending i.p. 

1155 

ms 

tti 

O-HJdeformation i.p. 

1190 

bs 


C-H bending i.p. 

1240 

8 


C-H bending i.p. 

1400 

b 


0-0 ring stretching 

1480 

vs 


0-0 ring stretching 

1515 

vs 


C-C ring stretching 

1640 

ms 


0-0 ring stretching 

1620 

B 

% 

0-0 ring stretching 

3030 

W 


0-H stretching 

3640 

ms 

bx 

O-H stretching 


Nate : vs >=* very strong, s strong, w « weak ms medium, stroni 
bs as broad strong, b =« broad, i.p. in-plane, o,p. s* out -of-plane. 

Ox sBs totally symmetrio vibrations 
bi,ba » Antisymmetric vibrations. 

The infrared frequency observed at 255 om~^ is attributed to C-OH out of- 
-plane bending vibration. In the Baman apeotrnm of m-fluorophenol (Tripathi 
1969), the depolarized Baman frequency 240 very likely i^piesents the C-OH 
out-of-plane bending vitration. 
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Preaent authors assign the 0-H dogormation vibration at 1166 onx~^ for tho 
said molecule. This assignment is in line with the assignments made by others 
(Varadarjan 1971, Shrivaatava 1970) for tho same mode. 

The infrared frequency 3640 cm~^ is assigned tentatively as 0-H stretching 
frequency. Frequency for this mode has also bwn reported by Varadarajan 
(1971) and Shrivaatava (1970). 

It was not possible to assign tho three C-H stretching frequencies in the 
preaent investigation. Only one frequency at 3030 cm”*^ is considered due to 
C-H stretching mode of vibration. 

The authors are grateful to Prof. M, Z. Rahman Khan for his kind interest 
during the course of work. We are also thankful to Mr. Nizam Ahmad, research 
scholar (Analytical Chemistry) for giving us the said chemical as a gift. On<*) 
of us (A. K. Ansari) is thankful to UGC, Kew Delhi for dnanoial assitanco. 
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Infrared and ultraviolet absorption spectra of morpholine 
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Abstract. The infrared and ultraviolet absorption spectra of Morpholine 
have been recorded and analysed. The assignments of the fundamentids are 
discussed. 

1* Introduction 

Although a uumbor of oompoundH analogoua to 1,4-dioxane are known, only tho 
infrarod and RaniaTi apoctra of cyclohoxano (Ramsay and Sutherland 1947, 1950; 
Beckett et al 1947), 1,4-dioxano (Malherbe and Bernstein 1952, Burkett and 
Badger 1960) and piperazine (Hendra and Powell 1960, 1962), molecules contain- 
ing two idential heteroatoms, have beim thro\ighly investigated. Many workers 
have attempted assignments of observi>d infrared absorption and Raman bands 
to fundamental modes of vibration in these molecules. Howev<^r, little work 
has been reported in the literature on molecules containing two unlike heteroatoms. 
In the case of morpholine the infrared (only 650 cm“^ upwards) and Raman 
spectral data have only been reported (Friedel and M(?kmney 1947) without the 
bands being analysed and assigned. In contrast to molecules containing two 
like hetero-atoms, it has been thought interesting and worth while to investigate 
the spectra of molecules with two unlike heteroatoms. As a step in this direction 
the infrared (from 400 cm~^ upwards) and ultraviolet absorption spectra of 
morpholine have been recorded with a view to analysing these spectra and assign- 
ing the fundamentals to the different modes of vibration of the moleonle. 

2. Euperimentul 

Pure samples were distilled before use under reduced pressure. Vapour phase 
spectra were recorded with a medium quartz spectrograph with 10 to 200 om- 
oells at — 10®C to 160®0. Ilford R-40 plates were used. The accuracy of 
measurements has been estimated to be ±6 cm~^ for sharp bands and ±10 
for broad or diffuse bands. The infrared absorption spectrum of the molecule 
was recorded using a Perkin-Elmer model 221 double beam automatic spectre 
phqtometer equipped with ILBr and NaCl optics in the pure liquid state. 
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3« Results and discussion 

The Raimaai and infrared spectral data as reported in the literature and the 
infrared apootruin obtained by ua in the liquid state are given in Table 1. The 
infrared spectrum was analysed with the Imlp of the analysed infrared and 
Raman spectra of similar molecules. The molecule may very nearly belong to 
Ogw symmetry. The ring breathing vibration of cyclohexane. 1,4-dioxane and 
piperazine occurs at 802, 834 and 836 cm*"^. Due to the similarity of the above 
molecules and morpUoUm^ a band near 8*6 may well be duo to this vibra 

tion. Comparison of the Raman spectra of a ranges of compounds of the type 


Table 1. Fundamental vibratiosal frequencies (in om-^) of morpholine 

(Frequencies from infrared and Btoan spectra of morpholine recorded 
earlier also given for comparison) 


Infrared U.V. 


. Present 
work 

Earlier 

work 

Raman 

(Earlier 

work) 

absorption Tentative assignment 

(Present 

work) 

— 

— 

171 vw 

178 m 

ring deformation 

443 m 

— 

446 vw 

433 ms 

ring deformation 

476 w 

— 

476 w 

— 

ring deformation 

600 s 

— 

— 

606 m 

ring deformation 

810 vs 

809 vs 

— 

— 

CHa rock 

836 vs 

836 vs 

832 vs 

834 mw 

ring breathing 

850 ms 

— 

— 

— 

CHa rock 

. 890 vs 

888 8 

— 

— 

ring stretch 

910 8 

907 B 

— 

— 

ring stretch 

1015 m 

1015 m 

1011 w 

1013 mw 

ring stretch 

1036 6 

1033 m 

1034 m 

■ 

CHa rock 

1065 8 

1063 m 

1063 w 

— 

CHa rook 

1 100 vs 

1097 vs 

1098 m 

1102 mw 

ring stretch 

1120 m 

— 

1124 vw 

— 

ring stretch 

1145 vs 

1142 vs 

— 


N->H out of plane bending 

1200 s 

1200 8 

1200 m 


CHa 

1230 s 

1226 8 


— 

CHa wag 

1260 s 

1248 8 

— 

— 

CHa wag 

1300 s 

1302 b 

1305 m 

— 

CHa wag 

1320 vs 

1317 vs 

— 

— 

CHa twisting 

1860 s 

1348 s 


- 

(THa twisting 

1395 w 

1395 w 

— 

— 

CHa twisting 

1445 sh 

— 

1441 w 

— 

CHa deformation 

1460 8 

— 

1460 w 

— 

CHa deformation 

1650 m 

1650 m 

— 

— 

N-H in-plane bending 

2845 vs 

2848 vs 

2840 ms 



symmetrio Cr-H stretch 

2860 8 

— 

— 

— 

symmetric stretch 

2025 s 

2028 8 

2901 w 

— 

antisymmetric C-H stretoh 

2055 s 

2058 8 

2955 vs 

— 

antisymmetric C^-H stretch 

3300 8 

3300 8 

3302 vw 

— 

N-H stretching 


vs »* very strong; s « strong; ms « medium strong; m «■ medium; 
msi -« .medium vreah; w » weak: vw «* very weak; eh w ahoulder 


5 
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Z(C 2 H|)y, whoro X and Y = CH 2 , NH, S, O etc. given by Hibben (1939), 
aupporta the above conclusion. The bands at 896, 910, 1013, 1106 aaid 1120 cm~^ 
may correspond to the other ring ntretching frequencies. Similar frequencies 
have also been observed in 1,4-dioxane, piperazine and cyclohexane and assigned 
to the ring stretching frequencies. 

By comparison with the assignments of the modes in cyclol\exane, 1,4-dioxano 
and piporazino one may expect to find the hydrogen bending frequencies separated 
roughly into the following spectral regions : 

a) The bands near 1460 om~i probably duo to deformation vibrations, 

b) wagging vibrations giving rise to bands around 1200-1300 cm*-^, 

c) twisting vibrations giving rise to bands around 1300-1390 cm~i, and 

d) rocking vibrations giving rise to bands around 800-1060 cwr^. 

The intensities of the infrared bands make a reasonable selection of funda- 
mentals possible since all the otl^or bands can bo explained as mostly combina- 
tions. The assignment given in Table 1 thougli consistent with the data may, 
therefore, , have to be regarded as tojitativo. 


Tabic 2« Assignment of the prominent absorption bands of morpholine 


Wave number 

(cm~^) and Assignment 

Intensity 

Wave number 

(cm“^) and Assignment 

Intensity 

38039 mw 

0,0-1102 

40105 w 

0,0+1400 -433 

38118 mw 

0,0-1023 

40132 0 

0,0+991 

38307 mw 

0,0-834 

40229 a 

0,0-fl088 

38400 w 

0,0-1023-606+666 

40304 ms 

0+1695-433 

38465 w 

0,0-433-269 

40333 w 

0,0+634+666 

38536 m 

0,0-605 

40465 w 

0,0+2x666 

38013 m 

0,0-2x269 

40541 8 

0,0+1400 

38708 ms 

0,0-433 

40620 w 

0,0+793+666 

38834 m 

0,0-1102+793 

40736 ms 

0,0+1695,0,0+2x793 

38882 ms 

0,0-269 

40829 w 

0,0+900+ 793 

38953 m 

0,0-178 

40894 w 

0,0+1088+666 

39092 m 

0,0-834+793 

40934 m 

0,0+793+991 

30141 va 

0,0 

40949 w 

0,0+2x900 

49241 mw 

0,0+534-433 

41027 w 

0,0+991 + 900 

39304 tnw 

0,0+991-834 

41065 w 

0.0+1400+634 

80395 w 

0,0+1088-834 

41114 w 

0,0+3 x 666, 0.0+ 2 x 991 

80430 m 

0,0+900 -606 

41192 w 

0,0+1400+666 

39406 m 

0,0+793-433 

41260 w 

0,0+1088+991 

39560 ma 

0,0+409 

41330 w 

0,0+2x1088 

39906 m 

0,0+900 -433 

41442 w 

0,0+1400x 900 

80676 ma 

0,0+634 

41538 w 

0,0+3x797 

39806 a 

0,0+666 

41853 w 

0,0+3x900 

80934 a 

0,0+793 

42101 w 

0,0+8x991 

40041 a 

0,0+900 

- 
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The band ayatem lying in the region A 2620-2370 A conaiats of some what 
n^row bands and are degraded to the red. Tlio intensity of the 0, 0 band 
confirms the transition aa allowcxi and as n-^* transition. The study of the 
temperature effect on band system has facilitated the choice of the band at 
39141 cm“^ as tho 0, 0 band. With this band as 0, 0 the bands with separations 
178, 269, 433, 606, 834, 1032 and 1102 cni“i towards its longer wavelength 
side are assigned as the ground state fundamentals while the strong bands with 
shifts 409, 634, 666, 793, 900, 991, 1088, 1400 and 1595 cm- i from tho 0,0 
band towards its short wavelength side are identified as the excii{»d state vibra- 
tional frequencies. O 21 tho basis of tb.ose ground and oxciterl state frequencies 
all tho observed bands of this molecule can be inWpreted. Tho band data of 
this aystora of tho inolooulo are given in tibt' 2, 
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Abstract. The infrared (200-4000 cm~^) and Baman spectra of 2-Cl-6-NOa 
toluene in the liquid pheuae have been recorded. The vibrational spectrum 
has been analysed assuming that the molecule belongs to the C7# point group. 
Tentative assignments for the fundamental vibrations to the various modes 
of the benzene ring as well as to the internal modes of the methyl and the nitro 
groups hUve been proposed. 

1. Introduction 

Though tho vibrational spectra of diaubstituted bonzonos have bet»n extensively 
invoatigatod, the stirdy of tri-substitutorl b(*nzonea, specially when the three 
substituents are all different, is not well dovolopod. Varsanyi (1969) has deve- 
loped a system of classifying a substituent as either light or hoavy in order 
to ayatematiso tho asaigntnonts of obaervod frequoneioa to the different benzene 
modes. On this characterization tri-subatitutions containing both “light” and 
“heavy” substituents ha-vo been rarely atudiod (Green and Harrison 1971). 
Green (1970) and Green and Harrison (1970) have atudiod the vibrational spectra 
of chloro-toluones as well as nitro-toluonos and this prompted ua to undertake 
the apectral study of tri-aubstitutod benzenes containing NOg, -Cl and -CHj. 
The results of our study of tho vibrational spectrum of 2-chloro, 6-nitro-toluene 
are proaentod hero. 

2. Experimental 

Tho compound under investigation was obtained from Fluka A.G. and used 
without further purification. Tho colour of the compound is yellow and it has 
a m.p. 37-40'’C. 

A small amount of the compound was mixed with Nujol and the infrared 
absorption was recorded in the region (200-4000 cin-») using a Perldn-Eliner 
Infrared Spectrophotometer (Model 621). 

Tho Baman spectrum was recorded on a 3-prisra Steinheil glass spectrograph 
with a camera of aperture //4. Four mercury discharge lamps running at about 

• On leave firom S. K. R. College Barbig^ia. Mongh3rr (Bhagalpur University). 
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8-10 Amp. current were used to excite the epectrum. Exposure times ranging 
from 1/2 hour to 4 hours on a panchromatic film (400 ASA) wore needed. Five 
Raman lines could be recorded on the long wavelength side of the 4368 A line 
of Hg which was the exciting line. 

3. Results and Discussion 

It is customary to treat multiatomic substituents o.g. CHg and NOg as a point 
mass so that all substituted benzenes l\ave only 30 normal modes of vibration. 
Since the molecule under consideration V Jongs to the point group 21 of these 
vibrations would be planar and 9 noB-planar. In addition to these 30 ring 
vibrations there would be 15 additional vibrations due to the intocnal motion 
in the substituents. For a C\ point grpup all the vibrations, i.o. whether they 
are of the typo a* or a'', are both infrared and Raman active. The assignments 
of the observed freqaoncio>s to different modes have b(H>n made in analogy with 
the earlier assignments in ortho-chloro-tolueno; ortho-nitro-tolueno (Green 1970, 
Green and Harrison 1970), the 3 isomers of chloro-ftuorotoluene (Grwn and 
Harrison 1971) and bromoxylonoa (Singh and Prasad 1978) 

(i) Stretching vibrations : v(G-H) and v{0'X) 

Bonzono has six mode>s of (C-H) strotchn\g vibrations denoted by the vibra« 
tional modes 2, 20a, 20b, 7a, 7b and 13 (in Wilson’s notation). Qlmso have 
froquenoios 3062 cm"! 3080 cm“’^ (cig)> ^046 (Cg^) and 3060 cm“^^ (ftm) 

respectively. In the trisubstituted derivatives propc^r STiperpoSition of these 
modes would give rise to throo nearly pure p(C-H) vibrations wJule the remaining 
three vibrations would be substituent dependent. T}u> earlier authors (Green 
1970, Green and Harrison 1970, Singh and Prasad 1978) have shown that 2, 7a 
and 20b are the (C-H) vibrations, while 7b, 15 and 20a aro the (C-X) vibrations. 
In the present work out of tho tliree (C-H) stretching frequencies only one fre- 
quency corresponding to mode 20b could bo observed at 3084 cm~^. This magni- 
tude is quite close to the magnitude of 3080 cm’'^ observed in benzene for this 
mode. The three (C-X) stretching froquoncitvs (X — Cl, NOg, CHg) have been 
assigncnl at 392 cm”~^, 1163 cm~^ (1164 cm*"^ in Raman) and 1206 cm ^ respectively. 

(ii) Stretching and the Bing Brmthing Vibrations : v{C-C) 

Tlxo vibrational modes 8a, 8b, 19a, 19b, 14 and 1 which in benzenes have 
the frequencies 1686 cm~^ (^ 2 ^), 1485 cm~^ 1310 cm*“^ [^ 2 v) ^J^<1 392 cm ^ 
respectively are tho (C-C) stretching vibrations. In general vibration 8a has a 
frequency below 1600 cm-^ whereas vibration 8b appears above 1600 cm*~i for 
the case of vicinal trisubstitution. Also in vicinal trisiibstitution wo have 
19a > 19b. In tho present work we have assigned 8a to 1573 om~^ and 8b to 
1603 cm~^ whereas 19a and 19b are assigned to tho froquenoios 1463 cm"^ and 
1463 om-i respectively. Tho mode 14 and 1 are assigned to the frequencies 
1218 om-i and OSO^xa-i (634 in. Ramau) xospectively. 
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Internal Vibrations of the GH^ Group 

v(C-H) froqu()nci(j^ for tho lio hi thfi rang© 2.920r2a86 In 

tho prosont oaso Ps ^as froquencioa aro assigned at 2920 om"^ and 2940 oin~i. 

In 3-CI-2-F toluene S^asy ^’'as modes of tho CHj group are assigned 
to 1382 cm~i, 1461 cm-”^, 1017 cm~^, 1039 cm"”^ respectively, where as in ortho- 
chloro toluene tho tliroo internal frequoncie»s S'^as ®'^<1 have been assigned 
at 1380 om~^, 1439 cm~^ and 1041 cm~^ respectively by Green (1970). In the 
present work the tom internal modes Ssy have been assigned 

tho frequencies at 1383 1430 cm~T, 1013 om"* and 924 cm~^ raspectively. 

Internal Vibrations of the NO^ Group 

In ortho-nitro-toluone the stretehing frequencies vg and identified 

at 1349 cm"^^ and 1525 cin~'i. In the present case we have taken and vat as 
1358 om~i and 1630 cm~^ respectively. 

Green and Harrison (1970) has assigned the bending vibrations /?«, 7« 

in NO 2 group aj 860 cm-^, 540 cm^^ and 729 cm“i respectively. In the present 
work we have taken these vibrations as 890 om~^, 668 cm"^ and 728 cm“^. 

Tho assignment of the other observed bands is shown in Table 2. 


Table 2. 


No. ■ 

cm^ 

Int. 

Over tones and Combination bands 

1 

1648 

8 

808+ 728 = 1636 

2 

1713 

w 

694+1013 = 1707 

3 

1723 

W 

728+ 992 - 1720 

4 

1769 

w 

748+1013 = 1761 

5 

1788 

w 

694+1080 « 1774 

6 

1833 

8 

748+1080 =» 1828 

7 

1903 

R 

800+1112 « 1912 

8 

1968 

S 

800+1163 « 1963 

9 

1993 

B 

2x 992 a 1984 

10 

2682 

W 

2 X 1286 » 2572 

11 

2690 

W 

1080+1603 .» 2683 

12 

2870 

VS 

2x1430 - 2860 2870 (in Banuot) 

13 

3170 

0 

1673+1603 =. 8176 

14 

3320 

8 

392+2940 - 3332 

13 

3660 

8 

466+ 3084 — 3660 

16 

3790 

8 

694+3084 - 3778 

17 

3968 

8 

872+3084 - 3966 


8 a® strong 
V8 a=s very strong 
w » weak 
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Abstract. Effect of collisions on longitudinal wave propagation in a plasma 
with an initial anisotropic pressure has been considered with the help of 
Boltzmann equation using a simple relaxation model. The time evolution of the 
amplitude and phase of the wave is determined using the Laplaces transform 
technique. It is found that the collisional damping is significantly affected 
by pressure anisotropy. 

1. Introdttctioii 

The Htudy of wavo propagation in an aninotropic plasma is of conaidorable im- 
portanco for ro-ontry coniniunicationH, iono«phoric physics and thermonuclear 
fusion. There are seV(?ral situations in which a plasma develops anisotropic 
pressure. Tn macluuos employing adiabatic magnetic compressions or expansions, 
it is frequently the cast^. Since the collision times are rather long the anisotropic 
lirossiiro is maintained for sufficiently long times for the propagation of high 
frequency waves. However, witli time the ^ei’o order distribution function 
relaxes gradually to isotropic pr<%s.sixre. Hence tlie particles of the waves Heto a 
gradually changing distribution function whiclx sliould be taken into account. 

Wavo propagation in a plasma Avith anisotropic distribution has betui ccmaider- 
(»d by Several authors (Anderson 1967, Burt et al 1961, Jaggi 1962, Krall 1973, Stix 
1963). However, in all these treatments the role of collisionsh as been completely 
ignored. Shariua (1968) using fluid equations has investigated the eff€wt of col- 
lisions on Ixigh frequency propagation in a plasma with anisotropic pressure. But 
for a proper treatment of the problem the of Boltzmann equation is required. 

Ill this paper we investigate high frequency longitudinal plasma waves in a 
relaxing plasma. The initial pressure is assumed to be anisotropic. The col- 
lisions are switched on at time f = 0 and the system is perturbed. We study the 
time evolution of the perturbation using Fourier transform in space and Laplaces 
transform in time. 

^Department of Physios, Gyan Vigyan Mahavidyalaya, Banasthali Vidyapith, 
Rajasthan. 
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2. Basic equations and dispersion rdation 

W© consider wave propagation along the external jnagnetic field in a magnetized 
plasma. Aasuming the ions to be stationary, the distribution function of the 
electrons is governed by the Boltzmann equation 


dt ^ 


dJT 

dr 


^^iE+VxB). 


OF 

<fv 




( 1 ) 


The initial distribution function F{ is snpposcsl to be anisotropu;, and these distri- 
bution functions are given bj' 


Ft - -5 

‘ {2ifRT\\)i(2nRT^) 



IV _ JV_ \ 

■2RT^ 2Rfn J 


and 


Po 


(2itRTo)»'’^ 


exp 




(2) 


( 8 ) 


where R — Boltzmann constant/'/w. 

fn this paper, w<' are intereslisl in the longittidinal (tlectrostatie oscillations 
propagating along the magnetic field. The Lorentz fons* term can be dropped 
in eq. (1) beoatise there is no p<trturbe<l magnetic field in tb,is mode. Hence the 
recpiired kinetic equation is 


dF 

dt 


+- 


V. 


,W r dF 

dV ^ dV 


v{F^-F) 


(4) 


We divide the perturbed distribution function into (i) slowly varying apace 
independent part F^, (ii) and rapidly oscnllating ptn’turlMHl part/j, so that 

F^F^(V, I) bUV,r,t) 
with /j Ft 
Prom (4) we obtain 

Fi = -exp exp (-v/) («) 

The perturbed distribution is governwl by 


»'/i+ 


% 

dt 


+ V 


dr 


+ -- 

m 


E,- 


dPi 

dV 


(7) 
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Taking Fonriw transform in spaoe and Laplaces transform in time of eq. (7) we 
obtain 

(-+P+i/C.V)A<j>) =/.(0) - ~ Etipl fp" 

- i ae+v). ^ (') 

Avhore J’2 ~ 

By taking Fourier and liaplacoS transform of tho relevant Poitiflons equation, 
we get 


»C0 

Substituting (8) in (9) and on integrating over the velocities perpendicular to k, 
wo get 

where 

»o.ll = PA?(, 11 i 


■^o> 


0>ll 


t 

(2)t^a>peAQ,|| 


a{p+v) = 


L T 

;© •* (p+v+ikV) 


d*F 


fo.ll = 




«^,ll 

to„,* 


and Z(fo.||) w the plasma dispersion function. Prime denotes differentiation with 
respect to the arugument. If eq. (10) can be written as 


If 1 / = 0, we get 


(H) 


jE?»(p) = 


o(p) 

(l+?.l) 


( 12 ) 
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Assuming V to bo small, we solve oq. (11) by iteration and we get 


2!£l 


"**■*■%• »■«» 


(•+W)’ (l+n)"^ (i+M)’ 

As wo are interested in the time evolution of the electric field, w«» sttok the invoi-se 
Laplaces transform of eq. (13) 


■®*(0 




hl* r [ 

I [{ 


®0p) 




(l+!7ll) 


+ »'W] 


(14) 


Integraiting the second term of the right-haii<l sid(^ by parts and after reai'ranging 
the terms, taking v to be small, we get 


where 




D(p, k, t) (l -4-gr||)+vf(l ' 


(15) 


(16) 


The dominant modes of the electric field are given by 
D{k, a)yt)^() 

where w — ip 
writing 

D(k,(o,t) = Dr-\iD, (17) 

and using asymptotic expansion (Fried e.t al 1961) for plasma dispersion ftmotion, 
get in long wavelength limit after negUxsting small exponential terms 

Dr{u>r, i. 0 - 1- 


WO 


oif 


COf* 


+-‘ [*- -“'v v‘] 


(18) 


and 


X>l(<tif, k,t) V j^l2i2(Ao^— A||*) + {4+6A?2(Ao® A||*)} 

1 + ( l)‘ -pjfc 


II*) 


(19) 



164 


S B Sharma, T N Bhutnagar arid Yashvir 


Putting DricDf, k, t) = 0, obtain 

whilo oj| iK givon by 

a>| ~Dr(cor, k,t) f ^1 ^ whon £u< ^ lor 


Ji_6jfc*(A*||-V) 


-(I)‘ at) 

1 

,ifc* 

-^1 oxp(wrMo*) 

+ ( 2 )* 1 

-1 

/ 3 , 1 \ S<(Ai|*- V) 

\ 2 ’ PAii* j “•'"Ajf 

1 

1 

9jfcA|i| 

• 

OXp(a>r*J||*)] 


(20) 


( 21 ) 


Eq. (20) lA tho Hamo as obtained by Shanna (1968) but eq. (21) differs from 
his expression for cu|. Witli — 0, oqs. (20) and (21) reduce to the well-known 
expressions (Krall and Trivelpieoe 1973). Tt is seen that for A||*> A^®, the contri- 
bution to Wi from collisional damping decreases significantly, and the first term 
may become positive for sufficiently short wavelengths and the amplitude may 
grow with time in the absence of Landau damping. Further W(^ see from eq. (21) 
that the damping decn^ases if A^ < A||. This decrease is due to the differential 
pumping of the thermal energy from one direction to the other. Th<^ contribution 
to Landau damping also deixmds on the values of Aj| and A^. However, it can 
never lead to growing oscillations. For v — 0, wi corresponds to the usual ex- 
pimsion for Landau damping. 
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A/C silent discharge 

L C S Murthy and P ,S V Betty 

Department of Physics, Contrat College Bangalore University, 

Bangalore -1 
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Aliatract* Production of radio-ftequoncy oscillations in A/C silent discharges is 
reported by a number of workers in this field. The atmosphere surrounding 
the discharge tube has also bf3dto shown to influence considerably A/C silent 
discharges. It has been, shown in this paper that radio-frequency oscillations 
of exactly the same nature an(| frequency are produced in a number of other 
simple circuits wherein no ionizspd gas is involved. From this a conclusion has 
been drawn that the gas inside the discharge tube is in no way connected 
with the production of radio -frequency oscillations. 


!• liitrodittction 


A Hurvey of liUwaturo oif tlio oi liglit oji A/C Hiloiit diflchargeH tlirougU 

different ga8e»s and vap()UT’>s hHowh tJ\at Radio-frecinoncy OncillationH (Warburg 
et al 19(>3, Khasigir ot at 19H2, Kariiik 1957) aio ^vmrni in these diadiarges. 
Three typos of dwchar>?o tulnw suih as, sloovo diflcliargo UiIm*, somi-ozonizor and 
ozonizer are usod in thesis oxporimonts. Oscillographic pattorns of tJiesr^ radio- 
frequency oscillations have also bwn puhli.sjiod (Sotty 1968). Purthor mveati- 
gatiou has aliown that the atmosphere surrounding the discharge tube has coriaider- 
able infltwnce on these discharges (Betty 1969. Betty 1960, Betty 1960). Hence 
the study on the production of radiofroquency oscillations was taken up under 
various conditions. Four different exp>rimonts were designed. 

1. Sleeve discharge tube containing saturahsl vapour of iodhm at room 


temperatiiro. 


2. A plain glas8 tube as doHcribed below 

3. A high carbon roHirttaiioo of tJio order of 1(K> mega ohniH. 

4. A metalluj pointed edge. 


When Huitable high voltage is applied to the above nientionod apparatus 
r«Uo.fr«iu«i»y oMiltetion. mm ob»rv«i. They wore ox«>tly Miim m 

«a fmrienoy in .11 B.« «»-«< ^ 

a.i dtoh«g. i» in no ..y —Kxl ‘K" ™l.o.ft»q«««,y 


oscillations. 
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2. Experimental Arrangements 

1 . Sleeve discharge tube containing iodine vapour. The discharge tube circuit 
employed is shown in Figure 1. When sufClcient hi^ A/C voltt^ is appliM, 
the discharge starts and the radio-frequency oscillations in the discharge' chouit 
are received by properly tuning a radio receiver. Tapj^gS from the output of 
the intermediate frequency amplifier were taken out and fed to a Cathode ray 
oscillograph. The radio-frequency oscillations wore clearly observed on the 
screen of C.R.O. which have been photographed. 


1 



1 

I. Step-uD tronsformer 

2, Sleeve discharge tube contoining iodine vopour 

3. 33 Kn Resistor 

Figure !• Cirouit diagram to study the R/F Oscillations in A/C silent 
disoharges containing iodine vapour. 


2. An ordinary glass tulx? with a coil of copper wire wound iiiaide and a ooii 
of copper wire wound outsiide forming the two electrodes as shown in figure 2 was 
used in place of the discharge tube in figure 1 and the same type of radio-frequency 
oscillations were obstwved on the C.R.O. son^en, when the required A/C voltage 
was applied. 



Flgara 2. The ordinary glass tube used to study the R/F Oscillation in place 
of the discharge tube in Figure 1, 


3. A very high carbon resistor of the ordei- of 100 mega ohms (} watt) is 
used in place of the discharge tube and the voltage was applied. Badio-frequency 



LOS Mubthy & P S V Setty 


Ind. J PhyB Vol. 63B Na. 3 1979 



Figure 4(a). CRO pattoraa of R/F Oscillations observed in the case of iodine 
sleeve discharge tube. 



Figure 4(b). CRO patterns of the R/F oscillations 
the ordinary glass tube. 


observed in the case of 
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4. The ladio-froquenoy oscillations shown in Figures 1 to 4 is one of the 
observed frequencies while a number of other frequencies were also 
available. 

4. Gonclttslons 

From the above observation it can be concluded tliat tire iodine vapour inside the 
discharge tube does not produce those radio-frequoucy oscillations. In all the 
above four cases an insulator of a resistance of the order of 100 mega ohm is in- 
volved. Therefore we can say that wlxon a high voltage is applied an electron 
moves with high velocity in a conductor. Such an electron when suddenly faces 
an insulator, its motion is obstnicted. Such a suddenstoppage of the electron 
makes it radiate in the form of radio-frequency oscillations. The shape of the 
BjF oscillation obac^rved suggests that a vibrating electric charge (White 1934) 
is continmUy damped by the radiation of energy in which case the shape of the 
damped oscillations resemble that of the C.R.O. patterns observed above. 
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R K R V curves for A and X states of MgH and MgD molecules 

Ganoah K Patol 

Department of Physics, V. S. Patel College of Arts and Soienoe, 

Billimora 

and 

Bidhanchandra T Shoth 

Department of Physics, South Gujarat University, Surat. 

Received 26 May 1977, revised 2|^ January 1979 

SpeotroBCopio methods are used for nnderstanding conditions prevailing in 
astrophysical sources. For quantitative spectroscopic studies, knowledge of the 
potential energy as a function of intemuclear distance is needed. It is now 
known that R K R V potential calculated using methods developed by Rydberg 
(1931, 1933), Klein (1931), Rws (1947) and Vandorlice (1959, 1960) is more 
rolaatic and the Morse potential (1929) is the most commonly used potential. 

MgH and MgD systems are of some astroplxysical significance. Their spectra 
have biK)n observed by GuutSch (1939). Astrophysical importance of MgH has 
boon emphasised by Balfour and Cartwright (1975). Wo have calculated RKRV 
curves for (A—X) band system of MgH and MgD using expressions for r,,/v and 
given by Singh and Jain (1962). For MgH, we have used Tg, Wg and WgXg 
given by Khan (1962) and Bg ocg by Horzberg (1950). For MgD, wo have 
ixsod molecular constants giv^eu by Herzborg (1950). The results are given in 
tablets 1 and 2 for MgH and MgD respectively. 

Wo have compared turning point^^ of RKRV potential with those of the 
Morse poUmtial. We observe that for lower Itmds of MgH the difference between 
the turning points of Morse potential and RKRV curve»s are quitch small. For 
higher levels, MorSe potential does not seem quite appropriate for MgH. For 
MgD, the Morse potential is not quite appropriate. Validity of the Morse poten- 
tial for a given state can he chocked by using Pokeris relation (1934). For MgH, 
the deviation for A^n state is 3% and for vstate is about 12%. For MgD, 
the deviation for state is about 180% and for A^n state it is 220%. This 
is an agreement witli our observations regarding the turning points. Thus our 
results for RKRV curves and the deviation oCg suggest that for reliable calcula- 
tions of molecular properties like r-oontroids, F — C factors etc. for MgH and MgD, 
one must use RKRV potential. 
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Table 1. 

Potential 

energy onrvee 

for MgH 







Turning points (A) 


State 

V 

rZ+Te 

oni ^ — 

RKRV 

Morse 












^max 

Tmin 

I'max 

Vmifi 


0 

740.4 

1.90 

1.59 

1.90 

1.69 


1 

2172.6 

2.06 

1.506 

2.06 

1.61 


2 

3640.0 

2.176 

1.466 

2.18 

1.46 


3 

4842.6 

2.283 

1.416 

2.29 

1.42 


4 

eoso.o 

2.386 

1.381 

2.38 

1.38 


5 

7263.6 

2.490 

1.359 

2.49 

1.36 


6 

8361.6 

2.585 

1.322 

2.60 

1.34 


7 

9405.0 

2.694 

1.303 

2.71 

1.33 


8 

10383.6 

2.802 

1.282 

2.81 

1.31 


9 

11297.4 

2.927 

1.262 

2.94 

1.30 


10 

12146.4 

3.032 

1.246 

3.06 

1.28 


11 

12930.4 

3.167 

1.227 

3.21 

1.276 


12 

13660.0 

3.290 

1.208 

3.34 

1.27 


13 

14304.6 

3.435 

1.192 

3.49 

1.26 


14 

14894.4 

3.693 

1.174 

3.66 

1.26 


15 

15419.2 

3.7676 

1.154 

3.77 

1.25 


16 

15879.6 

3.960 

1.135 

4.05 

1.25 


17 

16276.0 

4.192 

1.111 

4.30 

1.24 


18 

16605.6 

4.462 

1.084 

4.64 

1.24 


19 

16871.4 

4.796 

1.062 

4.88 

1.24 


20 

17072.4 

6.238 

1.011 

6.22 

1.235 


0 

20026.7 

1.849 

1.650 

1.85 

1.64 


1 

21660.7 

1,996 

1.469 

1.99 

1.46 


2 

23031.1 

2.109 

1.417 

2.11 

1.41 


3 

24438.1 

2.214 

1.380 

2.21 

1.37 


4 

26781.3 

2.314 

1.350 

2.31 

1.32 


6 

27060.7 

2.412 

1.326 

2.41 

1.29 


6 

28276.3 

2.511 

1.304 

2.61 

1.27 


7 

29428.2 

2.610 

1.286 

2.61 

1.26 


8 

30616.1 

2.713 

1.268 

2.71 

1.26 


9 

31540.3 

2.818 

1.263 

1.81 

1.24 


10 

32600.7 

2.927 

1.239 

2.92 

1.236 

A^n 

11 

33397.3 

3.042 

1.226 

3.03 

1.23 


12 

34230.1 

3.163 

1.214 

3.16 

1.22 


13 

34999.1 

3.291 

1.202 

3.29 

1.22 


14 

36704.3 

3.429 

1.190 

3.43 

1.22 


15 

36346.7 

3.678 

1.179 

3.58 

1.21 


16 

36923.3 

3.743 

1.167 

3.76 

1.20 


17 

37434.1 

,3.926 

1.165 

3.92 

1.20 


18. 

37884.1 

4.130 

1.141 

4.14 

1.19 


19 

38273.3 

4.369 

1.126 

4.37 

1.19 


20 

38595.7 

4.651 

1.108 

4.66 

1.18 
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2. Potential energy ourvea for MgX> 






Turning pointa (A) 


State 

V 

C7-f 

RKRV 

Morae 



cm"*^ 









^max 

^mln 

fftiax 

Tmin 


0 

634.9 

1.867 

1,606 

1.87 

1.61 


1 

1580.6 

1.980 

1.622 

1.99 

1.64 


2 

2694.0 

2.066 

1.466 

2.09 

1.49 


3 

3675.4 

2.141 

1.422 

2.18 

1.45 


4 

4624.7 

2.211 

1.386 

2.25 

1.43 


5 

6441.9 

2.278 

1.361 

2.32 

1.40 


6 

6326.9 

2.343 

1.321 

2.40 

1.38 


7 

7179.8 

2.407 

1.292 

2.47 

1.36 


8 

8000.6 

2.472 

1.262 

2.56 

1.36 


9 

8789.3 

2.536 

1.240 

2.61 

1.34 


10 

9646.9 

2.602 

1.216 

2.71 

1.32 


11 

10270.3 

2,669 

1.192 

2.78 

1.31 


12 

10962.6 

2.737 

1.169 

2.86 

1.29 


13 

11622.9 

2.807 

1.146 

2.96 

1.28 


14 

12260.9 

2.880 

1.124 

3.04 

1.28 


16 

12846.9 

2.965 

1.102 

3.13 

1.27 


16 

13410.7 

3.033 

1.080 

3.22 

1.27 


17 

13942.4 

3.118 

1.067 

3.32 

1.26 


18 

14472.0 

3.205 

1.035 

3.41 

1.26 


19 

14909.5 

3.298 

1.012 

3.60 

1.25 


20 

15344.9 

3.398 

0.988 

3.63 

1.26 


0 

19809.3 

1.811 

1.669 

1.82 

1.66 


1 

20929.8 

1.920 

1.477 

1.93 

1.60 


2 

22016.3 

2.002 

1.423 

2.02 

1.46 


3 

23066.0 

2.075 

1.380 

2.12 

1.42 


4 

24081.7 

2.142 

1.343 

2.19 

1.39 


5 

26062.6 

2.206 

1.310 

2.27 

1.37 


6 

26008.3 

2.269 

1.280 

2.34 

1.36 


7 

26919.2 

2.330 

1.262 

2.41 

1.33 


8 

27796.2 

2.392 

1.226 

2.48 

1.31 


9 

28636.2 

2.454 

1.201 

2.56 

1.29 

A^n 

10 

29442.3 

2.617 

1.176 

2.63 

1.28 


11 

30213.4 

2.681 

1.163 

2.71 

1.27 


12 

30949.6 

2.647 

1.130 

2.79 

1.26 


13 

31660.6 

2.716 

1.107 

2.88 

1.26 


14 

32317.2 

2.785 

1.085 

2.97 

1.24 


16 

32948.5 

2.869 

1.063 

3.06 

1.23 


16 

33644.9 

2.936 

1.041 

3,16 

1.23 


17 

34106.4 

3.016 

1.018 

3.25 

1.22 


18 

34632.9 

3.100 

0.996 

3.37 

1.22 


19 

35124.6 

3.190 

0.973 

3.48 

1.21 


20 

35681.3 

3.287 

0.950 

3.619 

1.20 
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Abstract. A modification of Renormalised Gas Model (RGM) has been 
attempted with special emphasis on the reformulation of the structure part of 
excitation energy based on simple statistical arguments assuming 

sufficient adiabatioity of the short and the long range interactions. lission 
energy distributions are re-calculated for some well known fissioning nuclei 
238U(a,/>, and Similar calculations are also done for 

^^^Pa(n,/) and 2®’^Np(n,/) for which no experimtuital results for the distributions 
(e.g. excitation energy, prompt neutron flistribution and their kinetic energy 
distribution) exist. All our predicted distributions utilise an assumption of 
the partition of intrinsic structure energy anU the nuclear level density para- 
meters. The structural energy partition is (wtimatod here from a modified 
RGM estimate of the available excitation energy. The predicted distributions 
are in satisfactory agreement with measurements where available. In parti- 
cular, the mean number of neutrons, vp anti the mean neutron kinetic energy 
^p for 2530f agree well with observations. 


1. Introduction 

There had been a serious attempt in the last few years to understand the division 
of available fission energy into the kinetic and the excitation energies of the 
fragments. Inspite of very detailed studies on different aspects of nuclear 
fission phenomena, this problem is still of central interest. 

All attempts to solve this problem aspire to define the total energies at the 
saddle and scission points of the fissioning nucleus and the fragments res^ctively. 
These energies strongly depend on nuclear shell structure, as was pointed out 
by Strutinski (1966). They may, for example, be obtained from the energy 
eigenvalues of a single particle Hamiltonian (Nilsson 1966, 1968, 1969) plus 
pairing terms of the BCS formalism (Bardeen et al 1967). Dickmaim and 
Dietrich (1969) showed that the shell effects of two static tangent fission fragments 
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and the pairing effects can reasonably account for the kinetic and excitation 
energies of the fragments. Nardi et al (1973) have used a realistic level density 
after Morotto (1970) to calculate the kinetic energies of the evaporated neutrons 
with the Nilsson model plus the BCS Hamiltonian. Geilikman and Zimina 
(1976) have calculated the total energy of a fissioning nucleus allowing for the 
fragment shell effects at the scission point and have estimated the fission frag- 
ment excitation energies by including a pre-scission kinetic energy of the fission 
degrees of freedom. 

Nuclear statistical models, first introduced by Fong (1953, 1956), have also 
been used to tackle this energy partition problem. Kluge and Lajtai (1968, 
1969) assumed isothermal equilibrium between the fragments at the scission 
point to predict the excitation energy of the fragments from the nuclear tem- 
perature of the system. An interacting form of Fermi gas model (Sarkar and 
Chatterjee 1969, 1970; Chatterjee 1970) was developed to statistically include 
the nuclear structure effects to go into the total energy of the system. The 
sum of the total nuclear energy plus self-Coulomb energy and the mutual Coulomb 
energy between the fragments, balanced at the saddle-scission point, were shown 
to contain terms which can be sorted out to give a natural description of the 
partition process. The present work is based on this model and is discussed 
in more details in the next section. Recently, Facchini and Saetta-Menichella 
(1974) assumed that the degrees of freedom duo to intrinsic nuclear structure 
are in statistical equilibrium while those of fragment motion are not in equilibrium 
at the scission point. They were able to predict the fragment nuclear tempera- 
tures from a large set of averaging over distributions in which the merit of the 
assumption was not clearly brought out. 

2* The RGM and its Application to Fission Phenomena 

In an interacting form of the Fermi Gas Model, called the Renormalised Gas 
Model (RGM) (Sarkar and Chatterjee 1969, 1970, Chatterjee 1970), nuclear 
structure effects are introduced as suitable energy corrections on top of the Fermi 
surface €q to define the nuclear ground state in a self-consistent way* As the 
model has been discussed in details in several papers, we very briefly summarise 
only the basic features. 

The RGM correction terms include the single particle combinatorial energy 
correction /(Rosenzweig 1957), pairing gap A, pairing interaction £p and ground 
state deformation energy The quantities A, Ep and Ef^ are calculated from 
the Belyaev model (Belyaev 1969). The total RGM correction is 

de = f^E 0 ---A’-Ep = diR+dsR, (1) 

where Sir = f--Eff (the long range part) and Ssr = — (A+-®p) (the short range 
:^art). 
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The available fission energy at the saddle-scission point consists of the B6M 
correction and the nuclear potential energy surface (PES) terms. The total 
PES energy of a nuclear system A, consisting of Z protons and N neutrons, 
according to Mosel and Greiner (1968, 1969) is given by 

( «<«**+ f) +Ec4ifi). ( 2 ) 

where Vi and 0 have their usual meanings; Eca represents the self- Coulomb 
energy. Assuming that the RGM correction de is normalised with respect to 
PES grohnd state, the total energy Ei(aj) of fissioning nucleus at its saddle 
point deformation a/ is approximately equal to the total energy of the nascent 
binary fragments (neck-to-neck configuration) at the scission point. It was 
shown that an energy balance equation can be explicitly written to have the form 
(Sarkar and Chatterjee 1970) 

Ei{cci) = ET(/3T)+Etji 

LfH 

+EcF((x>p)--EcFiM)'\^^ra — Ed+Eq, (3) 

where Et{Pt) is the energy of the target nucleus at the ground state deformation 
pT a^nd Eth is the fission threshold energy to bring the fissioning nucleus to its 
saddle point; ccp, fip are the fragment deformations at ihe scission point and the 
ground state, respectively; C' arc the stiffness parameters; the Coulomb 


interaction terms Ero> -Pf* obvious notations, are 

1964) : 

of the form (Wilets 

®ro = 

(4a) 

Ea = 'Z EaF = - J ^ro(2i?oFaF)/2iZ„P, 

p ^ 7T 

(46) 

Eg = S Ejf = yj— Er„(SEoF*av)/(SEoP)*. 

(4c) 

The energy release is defined as 


Er = Ei{ai)-'LEF{M = Ek+U. 

(6) 


-Bjc is the total kinetic energy of the fragments and U is their total excitation 
energy. The excitation U may be further partitioned as follows : 

U H Up ^ S 

F LjH 


( 6 ) 
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The term contains the PES contribution plus the change in self Coulomb 

energy of a fragment and the quadrupole interaction Eqf* 

The term U originates from the static structural corrections to the excita- 
tion and can be evaluated from the view point of the RGM. The initial nucleus 
I and the fragment nuclei F have their own RGM corrections dej and dep res- 
pectively. Assuming that the difference (Ldep-^-dej) appears as the excitation 
energy Up^^^ in the conjugate fragment pairs {Up^^^ for a fragment jP), 
U p^<^M was estimated very crudely from 

VpnQM ^ dep--\dei, ( 8 ) 

From these equations the quantities solved were the saddle point deforma- 
tion a/, the scission point deformations ap^ the fission barrier, the energy release 
the kinetic energy and the excitation energies of the fragments. 

3. Present Work 

In the present work, briefly discussed earlier (Majumdar and Chatterjee 1976), 
we have introduced several modifications in the RGM formulation. The first 
modification is a more appropriate choice of Nilsson orbitals; the refined orbitals 
were found from an iterative method starting from the spherical Nilsson basis 
to the expected deformation of fragments. Secondly, the self- Coulomb energy 
and the mutual Coulomb interaction terms were corrected for realistic ground 
state deformations of the fragment. Finally, the partitioning of the structural 
part of the excitation energy is assumed, instead of equation (8) used earlier, 

to depend on a (long range) part of nuclear interactions (shell structure and de- 
formation) on the one hand and the ‘shoi*t range’ part (gap parameter and pairing 
interactions) on the other; we use here a new statement of the partitioning of 
dcf in particular. 

Those modifications are discussed in the next three subsections and were 
used to calculate all relevant fission energies. Some experimentally observable 
parameters like vp, v, fjp, and ^related to the evaporated neutrons are esti- 
mated from the RGM for the first time. We have calculated the nuclear tempera- 
tures Tp and the level density parameters ap based on our earlier work (Chatterjee 
et al 1976) to compute these quantities. 

3.1 Modifications of the ROM in Energy Partition : 

We express the energy balance equation in a more general form 

isi) = S Ep(ap, pF, ^sf)+^n+W , 


(») 
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where now specifically includes the deformation dependent nuclear structure 
effects, Ey is the pre-scission kinetic energy and W is the interaction energy. 
It is convenient to split the first term in (9) into two parts in the form 


Xt Ep[qcf, ^sp) == 2 Ef{ocfj isF)> ( 10 ) 

P P F 

The first term is the purely structural contribution to the excitation 

energy of the fragments The second term with a bar is an average value over 
the range of the RGM corrections. This term is now given by terms inside the 
curly bracket in equation (3). The stiffness parameters Cq and C* are assumed 
to have a structure dependence of the form 


CqP = Cq ^ 




( 11 ) 


Proper calculation oiEy in (9) njeeds a detailed study of the dynamics of the 
fission process. But as has been pointed out by Nifenockner et aZ(1973), ambi- 
guous assumptions about the dynamics can be avoided if the fragment excitation 
energy variances are specifically known; we follow the result of their variance 
calculations and take 0. 

The interaction term W in (9) includes terms ^7ro> (3) plus the 

nuclear potential terms. From penetrability calculations from heavy ion poten- 
tials (Thomas 1959, Wilezynsky and Siwek-Wilezynska 1976), we have found 
that the contribution of the nuclear part, is negligible compared to the sum of 
Coulomb terms. Wo therefore neglect the nulear part. 

We have replaced the Coulomb terms in (4) by Er, Wa> by using a radial 
expansion of a deformed surface over the actual ground state deformation of 
the fragments. The spherical basis used in the earlier work (Sarkar and 
Chattorjeo 1970) is replaced by the more accurate form 


/i. 

E'a = SJSW = ’ * (12) 

E\ = = ^E,F(l+pFf. (l+ )• * 


3.2 Treatment of Vf^^^ : 

It is desirable to replace the crude assumption for the partitioning of dej in 
(8) into the two conjugate fragments by a more accurate description. The 
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fragments clearly differ in composition, in odd-evenness and pairing and in 
occupancy in a deformed shell. An unequal weightage of the partition of dej is 
therefore necessary. This is done by conveniently considering separately the 
pairing properties (the so-called ‘short range’ part of the interaction) and the 
occupation properties of the nucleus in a deformed unfilled shell (the so-called 
‘long range* part). Odd -nucleon fragments get a smaller share of dej than the 
even-even neighbours. Similarly, the midshell nuclei will have a smaller share 
of dej compared to the nuclei near closed shell. Such fragments therefore wdlr 
have a comparatively greater excitation. Becalling from (1) that the signs 
of two types of interactions Slr and 8sr are opposite, the following reasonable 
assumption of may be made : 


UpRQM = deii*— (13) 

where xf are two fractional coefficients giving the relative weights of the 

long range and the short range effects respectively. Obviously 


S;ti. = SAF = l. (14) 

F F 

3.3 Evaluation of xf and \p : 

A self-consistent simple formalism for xf and A/r should not introduce any 
new parameters. Our study on the variation of {f+Eg) in a major shell shows 
that (i) it is symmetrical with respect to the midshell where its value is maximum 
and (ii) the variation is almost linear with respect to Z or N on either side of 
the midshell. We would therefore expect a comparatively smaller Up^^^ for a 
fragment nearer to a closed shell than away from it. As xf^lr contributes 
negatively to Up^^^ in (13), this means that the magnitude of xp^lr should 
be greater for a fragment in the closed shell region than that in the midshell 
nuclides. Writing 


Slr = ^dUjP, 

p 


(16) 


where 517/^ is the contribution of Slr to the fragment Fy a suitable partitioning 
of Slr can be achieved by the following simplest assumption 


dUi^a 


I _ 1 

Dp ~ \Zp^ZpS\ + \Np^NpS\ 


(16) 


where Zj?, Np are the proton and neutron numbers of the fragment F and Zp^, 
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Ni^ are their oorrespoodiug nearest closed shell numbers; Dp is determined from 
these. For two light and heavy fragments L and H, (16) gives 

dVii-ldUiB = DhIDl 
or 


__ dVfii _ 

Dh Dl ~ 'ZDf ■ 


(17) 


Hence the coefficients xf for the fragments, by comparing with (13), are 


XL = 


Pjl 

tDp' 


Xh = 


Dl 

SDj?" 


(18) 


The coefficient Xp can be simply estimated, from the Belyaev prescription 
of short range interactions, from the energy-weighted form 


Ap-\-Epp 

'^^-~t{Ap+EpF)- 

F 


Combining (18) and (19) in (13), we finally get 


Ul,h^^^ = deL,H — 


Dh <l 

iiDp 


^F-{-EpF 

t{AF+EpF) 



(19) 


( 20 ) 


This replaces the earlier simple equation (8). 

3.4 Energy Balance and Energy Release Equations : 

Combining equations (3), (10), (11), (12) and (13) and recalling the simplifica- 
tions and approximations introduced in the symbolic energy balance equation (9), 
we explicitly display here all terms and quantities in our working formula : 

Eiiai, isi) = J:{Ep{fip)+iCoF(ccF-fiFf-\-C'F(.aF-/iFf+AEcF 


+S{3ej? — 

F 



1 ■\- 


I.Ap^'^fiF 



^{l+fip)AF^/^aF , 

— £3775 — • w/» ; 




S(l+/9F)*^7'»aF , 


( 21 ) 
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The scission point fragment deformations are obtained from the optimisation 
condition 


4 = 0 . ( 22 ) 

assuming that the deformations ul and och are independent of each other. The 
energy release Er is then given by 

Er = Ej{ai, ^5/)— S Er{Pf) 
p 

= 'L{lCQp(ap^--fip)^+C'p{ap^—fip)^+^^Ecp+E'gF] 
p 

-f-S {dep — {XP^LR-{“^P^SR)}-\~{Er-{- E^ a) 
p 

= ^Upt^ESj^^ UpRC^M^EK^ (23) 

P F 

3.5 Neittron Emission from Prompt Fragments : 

At the post-scission stage, the excitation energy Up is expended in (i) prompt 
neutron emission, (ii) cascade y-omission and (iii) delayed neutron emission. 
One has therefore to know the fraction of Up carried away by neutrons and by 
y-emission. In the RGM, the term E'qp in (12) is identified with y-do-excitation. 
The physical interpretation and explanation is given in the original work 
(Sarkar and Chatterjee 1970), The energy available for prompt neutron emission 
is, therefore, Up—E'qp. 

Let us assume that all neutrons emitted from a fragment has each a binding 
energy Bp and that the emitted neutron distribution is Maxwellian in the centre- 
of-mass system. A temperature Tp for a fragment, related to the Fermi gas 
temperature Tu is usually defined as (Kluge and Lajtai 1968, 1969) 

r, = r. 1 22 . (24) 

where p(Uf) is the level density and ap is the single particle level density para- 
meter of the fragment. The average kinetic energy for the neutrons from a 
fragment is 



The mean number of neutrons emitted by a fragment F is clearly equal to the 
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ratio of tho energy available for neutron emission and flic tjuin of ihc' average 
neutron binding energy and average kinetic energy of a neutron : 

vp = {Up^E' gp)l(BF+VF)- (26) 

The. mean binding energy Bp can be taken from binding energy tables (Wing 
and Varley 1964, Milton 1962). The level density parameter in (24) has been 
calculated by following the work of Ghosh et al (1973) and has been tabulated 
(Chatterjee et al 1976). 

3.6 Average Quantities fj and v : 

By definition, the average fissitm neutron eneigy V in the centre -of-rnass 
system is 

f / w f I ft^Fi'F(i/)dydAp 

^ = f Vi'{v )dy ^ Aj^v _ (27) 

J v(y)d7j J J Ppvp{y^ydAF 


where p(y) is the number of evaporated neutrons in a fission process with the 
kinetic energy Tn the last term the double integration is over the kinetic 
energy 7/ and tho fragment mass Ap; pp{fi) is the number of neutrons emitted 
from a fragment F with kinetic energy y, Ck^arly this differs from i f of (26); 
Pp is the probability of occurrence of fragment F. The assumed Maxwellian 
shape for the neutron distribution, emitted from a prompt fragment F, can be 
expressed in the fractional form 



7/1 exp 




(28) 


which substituted in (27) gives 




f PpdAp J vF.r/F-»/2jy3/2 ^.xp (— "I yjflp ] dy 

Aj> _v _ ^ ^ ' 

IPpdAp J vp.fjp-^^'^.y^ exp ^ VIVf ) dy 


(29) 


The variables Ap and y aj c assujned to be independent of each oth(u\ Integra- 
tion over y in the range from 0 to a yields 


J PpvpdAp ^YpvphiAp 


(30) 


In the last equation, wo have approximated the integration by a summation 
over a wide fragment mass range. Tho j»robabilitics Pp may be replaced by 
their corresponding percentage yields Y p» 
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Tho general relationship between the neutron kinetic energy E in the labora- 
tary Hystem to 7/ in the c.m. system is 

HJ = iijf.fj coH(p. (31) 

Ef is tho kinetic energy of a neutron moving with tho velocity of a fragment and 
may bo taken numerically equal to the fragment kinetic energy per nucleon 
EjclA \ (j) is tho neutron emission angle in the c.m. system. 

Averaging over all (J) and Ef gives tho average fission neutron energy E in 
the laboratory system as 


E = fi+Ef. (32) 

where tho average 7?/ is given by 


/ PtEKidAFi i: YiEKAAFi 

Ef = — ! , (33) 

J PiAidApi AYiYi^Api 

where Epi and Pi are, respectively, the total kinetic eiK^rgy for the ^'-th pair and 
tho probability of its occurrence. As before, percentage yields (r<) may be 

used for Pi. Tho theoretical ■») in (30) has to be corrected for Ejto give tho experi- 
mental fission neutron energy E from (32). 

The average number of neutrons omitted per fission event ( v) can bo estimated 
following the appropriate averaging procedures similar to above. Tho final 
results, starting from the general expression 

^ == J J PpVF(v)^V^Apl J PpdAp (34) 

Ap n 

V » (Y.Ypvp^AF)|^YF^AF. (35) 

4« Results 

To solve tho energy balance equation (21), the tii’st step is to obtain the grqgnd 
state deformations of tho fragments. These deformations fip were found from 
tho Belyaev proscription starting from an average nbn-zero deformation ^f 
utilising the Nilsson scheme to give new deformation parameters fi'p which were 
then used as inputs for tho iteration process to finally obtain the stationary 
ground state deformations pp and tho corresponding deformation energies Ep, 
These Pf values were used to solve for the scission point deformations and 
From equations (7), (12), (20) and (23) of the text, we can obtain the 
values of Er, E'^, Wq, Vp^^^ and Er, respectively. 
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We have made detailed calculations for the following fissioning nuclei: 
a»iPa(»,/), »7Np(w,/), *»»Pu(m,/) and *»acf(s./). Of these, the first 

and tho third, undergoing threshold fission, are calculated for the first time. The 
second and tho fourth refer to fission induced by thermal neutrons. Of the 
several observable characteristics, wo particularly compare here our calculations 
with the following measured quantities : the total energy release Eh, the excita- 
tion energy U f, the total kinetic energy Bk, neutron kinetic energy distribution 

as a function of fragment mass Ap, the prompt neutron distribution vp, the 
average number of neutrons v per fission and finally the average fission neutron 
energy ^ (in tho c.ra. frame) and E (in the laboratory frame). 

Most of the results giv<m here are in better agreement with the available 
experimental measurements than tho earHer estimates of Sarkar and Chatterjec 
(1970). In figure 1, the energy release Ep, the total kinetic energy Ep and the 
fragment excitation energy Up for 2®‘*0(/(,/) are plotted. Earlier results of 
Sarkar and Chatterjee (1970) are also included. Wo note that tho prsesent 
estimates of Er agree closely with Wing and Varley (1904). Theoretical studios 
of Oeilikman and Zimina (1976) predict the maximum energy release 
rsi 195 MoV at AhI^l — 1‘4. We predict = 204 MeV at ArIAr ~ 1 in 

conformity with tho ostimat<! of 205 MoV of Wing and Varley (1964). 

Our computed values of Er arc in bettor agreement with the experimental 
results of Apalin et al (1964, 1966) and Unik ei al (1973). siwcially in the symmetric 
and the most asymmetric mass rc^gions. Dickmann and Dietrich (1969) pre- 
dicted higher kinetic energies than the experimental values (see figures 4a,b,c of 
their paper) u.sing a model of two touching sphert ids; by taking a distance D 
of about 0-9 fm between the surfaces of two aligned fragments, their predictions 
were in bettor agreement with the experimental results but yet left a lot to be 
desirtid particularly in tho a.symmetric region. 

Tho excitation energies are plotted in the bottom part of figure 1. Our 
calculations agree well (specially for light fragments) with the results of Schmitt 
et al (1966). Theoretical studifvs by Dickmann and Diek-ich also tried to re- 
produce the saw-tooth structure of Up. But the general trend using D == 0-9 fm 
is only in qualitative agreement with th«! experimental results; they attributed 
this discrepancy due mainly to the assumption of a ‘cold’ scission. Oeilikman 
and Zimina (1976) predicted the highest fragment excitation to occur at symmetric 
fission and tho minimum excitation energy at zl/z/Ax - 1-3. Their predictions 
for the light fragments are higher than our values or than tho experimental ones. 
We predict the maximum to be at. .4^ ~ 114 and minimum to occur at AajAi. 
= 1-24. We also predict some fine structures, e.g. local dips near fragment 
masses A ~ 84 and 100. These arc due to tho closure of A = 50 shell for 
Ap - 84 and to tho proton 2pi subsholl closure for Af = 100. 
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Figure 2 shows now calculations for the neutron induced threshold fission of 
237Np. Hero Er values may bo compared with Milton (1962) and Ek values 
with BeniK^tt and Stein (1967) to conclude that the fits are fairly satisfactory. 



Af — ► 

Figure 1. Fission energy distribution for thermal n» 

O : Present Results, X : Sarkar & Chatterjoo (1970); y : Aplain et al (1964, 
1905); A: Schmitt et al (1960); H : Unik et al (1973);-: Wing and 
Varley (1964). 


Our predicted saw-tooth shape in Up and its associated fine structures are to bo 
exporimontally confirmed. Similar trends of all the three quantities for ^^^ra(w,/) 
and the wollknown cases of ^^®Pu(7t,/) and are not reproduced here. 
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Figure 2. Fiasion energy clistribution for neutron induced threshold fission of 
2^'^Np. (> : Present results; 0 : Bennett and Stein (1976); A : Milton (1962). 


Figures 3 to 7 show the calculated distribution of the number of prompt 
neutrons Vf using the procedure of See. 3.6. These distributions wore not pre- 
sented in the earlier fission work with RGM (Sarkar and Chatterjee 1969, 1970, 
1971). Uniformly good agreement with experimental results, whore available, 
are observed. For example, the neutron yield peaks for *<®Pu and ®®®Cf were 
found at the fragment mass numbers Ap = 110, 114 and 120, respectively, as 
experimentally observed (Apalin et al 1964, 1966, Bowman et al 1962, Maslin 
et al 1967, Milton and Fraser 1966, Nifenecker etal 1973, Signarbieux e< oJ 1972). 
The peaks in the neutron yield curve are at higher available RGM energies near 
the midshells of ®*®U(«./). although our 
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maximum value of vf is almost 20% greater than these found by Nifenecker et al 
(1973) and Maslin et al (1967), we do not have any evidence of high neutron yield 

values vF = 3*5 to 4 at = 110 and 166 as observed by Apalin et al (1964, 
1965). However, some fine structures, as was seen by Milton and Fraser (1066) 
are predicted around u4f «== 90, 96 and 101. To our knowledge, no experimental 
results for the neutron distribution exist for 2*iPa(rt,/) and ®^^Np(n,/). We 
predict the neutron yield peak at ^f 114 (see figures 6 and 7) for both. Al- 
though the overall shape is again predicted to be a saw-tooth in these two cases, 
there is a secondary peak in ^^’Np(w.,/) and there is the existence of structures 
in the neighbourhood of peak position in It is interesting that the 

peak and the structures correspond closely to the symmetric fission in *^^Pa(w,/). 



Figure 8. Distribution of prompt neutron number vp as a function of prompt 
fragment mass Ap for the thermal neutron induced fission of X : Present 

results; 0 : Nifonockor et al (1973); A • Maslin et al (1967); □ : Milton and Fraser 
(1966). 


Figure 8 shows the variation of ^f with fragment mass .4 f for (.9./). 

The study of this distribution was not attempted in the earlier work (Sarkar 
and Chatterjee 1969, 1970 and 1971). This case has been experimentally studied 
by Bowman et al (1963). Although the general trends and magnitudes approxi- 
mately agree, the discrepancy in the mass region Af~ 126—146 seems to bo 
real* 
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We estimate the mean number of fission neutrons 7 from equation (36). 
Experimental percentage mass yield values are taken as inputs (Schmitt et at 
1966, Bennett et al 1967, Unik et at 1973, Fraser el al 1963). Average fission 

neutron energies ^ and E are calculated from (30) and (32), respectively. Our 
values for if and E are compared with those of other workers in table 1. 



Figure 4. vj? vs. Ap for tho thormal neutron inducod fission of 
X ; Present results; # : Apaliii gI al (1064, 1965). 

S« Discussion and Conclusion 

In all detailed work aimed at obtaining the partition of available energy, the 
dynamics of the fission process contributing to a delicate balance of interactions 
at suitable energy points is important. The construction of tho energy balance 
equation at such points with appropriate interactions is therefore crucial. In 
tho energy balance equation (21) used by us, no important energy -contributing 
terms seem to have been left out. A direct proof is the average fit of total energy 
release Er within ~±2% in all cases with experiments; the average kinetic 
energy fit is within ~_tl% and the average excitation energy fit is within 
~i3%. The magnitudes and trends agree in all cases without any normalisa- 
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tion. Local deviations are often large but are randomly distributed in the three 
directly measurable quantities Er, Ek and Vp\ largo deviations in particular 
appear in the symmetric mass region where experimental accuracy is known 



Figure 5. vp vs. Ap for the apontanoous fission X : Present results; 

A : Bowman et al (1903): O : Signarbioux et al (1972). 



Figure 6. vp vs. Ap for the neutron induced threshold fission of ^®U’a. 
X : Present results. 
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to b^poorer than the average. Chir predictive accuracy of the derived quantities 

like and is within ±20%. which is also the maximum measured discrepancy 
of these two parameters, between different groups of experimental workers. 



Figure 7, VF vs. Ap for the neutron induced threshold fission of 
X : Present results. 


We consider the components of our thcorotical energy terms responsible for 
the energy partition of the fragmenf s. The excitation energy of a fragment, for 
example, consists of two parts : and Up^^^ in addition to the 

PES expansion terms contains a small part E'qf arising from the mutual Coulomb 
interaction. A similar term appears in the work of Geilikman and Zimina (197()) 
who attribute the origin of that term to the interaction of the fragments after 
scission during the short non-quasistatic stage of the process. They agree with 
our estimate of this term to be 3-5 MoV. Dickmami and Dietrich (1960) also 
felt that the inclusion of a Coulomb excitation term and ‘other modes' of intrinsic 
excitation at the scission point might improve the fits with measured excitation 
energies of the fragments. The gross behaviour of E’qp is shown as Egp in figure 2 
of earlier work (Sarkar and Chatter jee 1970). E'qf will have small structural 
fluctuations in this gross trend. The inclusion of E'qp alone, however, will not 
improve the fit with experiments. The inclusion of intrinsic excitation energy 
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(mentioned by Dickmann and Dietrich) has been correctly done in our 
giving fairly satisfactory fit for all fragment masses. 

The remaining Coulomb interaction terms Er+E*d of two touching 
deformed fragments by our assumption give the total kinetic energy Ek of the 
fragments. With a choice of ~ 1-40 fm, the fit in trend and in magnitude 
with experimental results are shown to be within 2*6%. Since the expansion 
of the mutual Coulomb interaction terms to higher orders contributes negligibly 
to Ek, the best value of was actually adjusted to 1*40 fm. 



Figure 8. Average centre -of -mass pj’ompt neutron kinetic energy r/p distribu- 
tion as a function of fragment mass Aj? for the spontaneous fission of 
() : Present results; - : Bowman et al (1963); 4 • Nardi et aZ(1973). Typical 
oxporimontal errors are shown by full dots with error bai's. 


An almost constant observed number of neutrons emitted from fragments 
in the mass region Ap r:::! 96-102 for all fissioning nuclei agrees with our notion 
of almost constant excitation of these fragments. The detailed study of the 
trend of the ROM structural corrections in the fragment mass region Ap 93-108 
predicts that the resultant of the combined corrections remain almost constant. 
Similar RGM analysis for 110-120 predicts the structural part to be very 

sharply peaked in this region. 
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Table 1. Calculated values of average fission neutron energy (&jand average 
number of prompt neutrons (v) per fission event and the corresponding values 
obtained by other workers 


Target 

Type of 
flsaion 

values in MeV 

V values 


Present 

Other workers 
and Expts 

Present 

other workers 



a3BXJ 

Thermal 

2018 

l-966 ±0-013 

2-432 

2-4071 ±0-006ac 


neutron 


(Proton recoil)® 




Induced 

fission 


2-020±0026 
(H0® spectrometer)® 






1-95±0016 
(combined average)*^ 



230pu 

Thermal 

2-083 

2- 186 dz 0-024 

3-116 

2-8738±0-0090« 


neutron 


(Proton recoil)® 




induced 

fission 


2-076 ±0*01 7 
(He® spectrometer)® 






2-086J:0-016 
(combined average)*^ 



252Qf 

Sponta* 

2-246 

2-166±0024 

3-761 

3-766±0-012* 


neous 


(Proton recoil) 




fission 


2l30i: 0-022 
(He® spectrometer)® 






2130±0-03 
(combined average)* 



a37pft 

Threshold 1-996 

— 

2-660 

— 


fission 

(neutron 

induced) 

Threshold 2 078 3-109 

dssion 

(neutron 

induced) 

aWerlo and Bluhm (1971), ” Barnard et al (1966), ' Hanna et al (1969) 


A very stringent tost of the internal consistency of our exercise is the predic- 
tion of the energy release Er for different conjugate pairs. This prediction 
needs a fragment composition or their charge dispersion as inputs. These are 
usually obtained from the standard tables of Milton (1962) and Wing and Varley 

(1964). All cases presented here appear in these tables. Our calculations assume 

the most probable isotopic charge to occur vith unit probability. A variant of 
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our exercise in which the charge dispersion of the fragments can be predicted 
would allow us to predict the energy release from fragment pairs without reference 
to these tables. In this case our predicted energy release would be completely 
independent of the use of any standard mass tables. 

The various experimental results for vp themselves do not agree within them- 
selves. This discrepancy, being somewhere as high as 30%, is presumably due 
to the different experimental setups and detectors being used. These features 
have been critically analysed by Nifonecker et al (1973). However, there is a 

general agreement about the local observed structures in vp. Our calculations, 
in general, reproduce these fluctuations. 

Tn the previous section we have indicated the discrepany in in the mass 
region Ap 125-145 to be real. We also predict a minimum in i?/. at — 132, 
corresponding to the neutron shell closure at Npess S2 and proton shell closure 
Z c=ai50. The level density parameter ap shows a local minimum of about 60% 
of its maximum value at 114, while the excitation energy Up (also being 

minimum hero) is as low as only 20% of Up^^*, The resultant ratio Up jap is 
still a local minimum at 132 and ^tp follows roughly the same trend as that 

of Up or ap. The results of Nardi et al (1973) for ^f for *'^^^Cf(A*./.) follow^ our 
trend; in the mass regions ^If Ciri 90-106 and Jf — 140-166 our values are 
systematically about 20% higher than theirs but in other regions the two cal- 
culations show reasonable agreement. 

The present work affords an opportunity to re-evaluate the postulates of 
RGM and its application to fission phenomena. Our energy balance equation 
(21) contains parameters which are all pre-determined from the RGM and from 
the Mosel-Greiner PES. We recall that the energy release Er is directly obtained 
without using a mass formula. The fact that the energy release distributions 
are rather accurately predicted by us without any normalisation in trend and 
magnitudes shows that no important energy contributing terms have been 
neglected in our treatment. We must emphasise that no single parameter in 
equation (21) was adjusted to fission data. 

This predictive power of the RGM gives us a neutral opportunity to compare 
our work with the other important work. For example, Dickmann and Dietrich 
(1969) added nuclear structure effects to the LDM energy without using any 
single parameter adjusted to fission data. On the other hand, in RGM the 
nuclear structure effects are used as corrections to the free Fermi Gas Model. 
The RGM has been successfully applied to fast neutron reaction cross-sections 
(Ghatterjee 1970) and in problems of nuclear level densities (Ghosh and Ghatterjee 
1973, Ghatterjee et al 1970). The RGM also finds a natural application in predict- 
ing and vp in fission, 
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In this work, moro omphas-iize has been given to (i) reformulation of 
and (ii) the prompt neutrons characteristics in fission. We have shovm in parti- 
cular that a combination of the ROM and the statistical model gives satisfactory 

answers to prompt neutron distribution VFy the kinetic energy distribution 
and their average valuers. 
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Carrier trapping in plasma polymerized ferrocene films 
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Abstract. The dark electrical coaductivity of plasma polymerized ferrocene 
films has been investigated c»ver ths temperature range 300 to 625 K at reduced 
pressure of 10~® torr. Tomporatufe induced changes in the activation energy 
M for ohmic conduction have been observed. From these the presence of an 
electron trapping level located 0-46 eV below the conduction band edge with 
density (3*15 — 0*06) 10^® cin~^ and a donor level of density (1*38 ~ 0*07) 10® 
cm“® at the same depth are deduced, .^bove 427 = 9 K conduction process 
is asshmed to be intrinsic. 


1. Introduction 

Study of olocirical properties of plasma polyiiiorizcd organic films have been 
reported earlier, Bradley and Hammos (19()3). The current-voltage characteris- 
tics show space-charge- limited (SCL) conduction in these films at high fields 
(Phadko ei al 1978). The study of temperature deptmdance of the ohmic and 
SCL currents is of considerable importance as it is capable of providing informa- 
tion about the thermal activation energy of forbiden band, the density of trapping 
centres and its location below the conduction band. The plasma polymerized 
ferrocene (PP Fa) films has been the subject of such investigations because of 
its semiconducting nature and unusually high thermal and chemical stability. 

In the present paper the author reports his investigations on PPFa tor the 
temperature dependence of dark conduct i\'ity over a temperature range 300 
to 525 K at reduen^d pressure and estimates the density of trapping centres and 
donor levels. The depth of trapi)ing centres and donor levels is also calculated. 

2. Experimental 

The current measurements were carried out on Al-PPFa-Al sandwich specimen. 
The sandwich fabrication technic was same as described elsewhere (Bradley 
and Hammes 1963, Phadko 1978). The thickness of Al electrode was « 2000 A 
with cross over area of 100 mm*. The thickness of polymer films studied was 
between 1660-80 A, as estimated by Fizeau fringe method. For electrical 
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measuroments the specimen was mounted on an electrically heated copper 
block placed in a specially designed vacuum cell and evacuated to 10^^ torr 
(Phadke 1978). The temperature was measured by means of chromel/alumel 
thermocouple fixed on to the specimen. The current and voltage were measured 
using a vibrating condenser electromotor and a VTVM. The current readings 
were noted at every interval of 6 K while heating as well as cooling. The elec- 
trical field of 2*5x10® V cm*”^ and 3*8x10® V cm"^ were applied to investigate 
the ohmic and SCLC conditions respectively. 


3. Results and Discussion 


Figure 1 shows a t3^ical logo* versus plot for Al-PPFa-Al sandwich for 
both, ohmic and SCL current conditions. The temperature dependence of 
ohmic current is identical, within experimental errors, to that of SCL current 
for lower temperature. While at higher temperature the dependence changes 
remarkably. It is clear that the ohmic process consists of tlxree different regions 
each having different gradient and as such is associated with different conduc- 
tion process with characteristic thermal activation energy. This type of depen- 
dence was observed in many organic materials (Yoshino et al 1973). Barbo 
and Westgate (1970) had analysed it in case of pthalocynieno and proposed a 
band model to account for this non-linearity. Barbe and Westgate’s treatment, 
can bo applied to present study if we assume that the electrons are majority 
carriers. This assumption is based on the effect of oxygen on (jonduetivity 
study (Phadke et al 1977) and secondly on the conclusions dravm by radloy 
and Hammes (1963) and Phadke and Karekar (1978) from their photoconductivity 
experiments on plasma polymerized films. 

To analyse the results a set of electron trapps (Nt) and donor levels (A«) 
are assumed to be located at a common energy level (E^) below the bottom of 
conduction band as shown in Figure 2. Now if the Fermi level (Ep) is at least 
a few kT below Et and it is always a several kT above the top of valence band, 
then Barbo and Westgate 's analysis reveals the expression for calculating th(^ 
conduction electron density {n). The value of n at different temperature condi- 
tions are given as follows : 

(a) at low temperature when n is much less than the trapped electrons and 
the thermal release of carriers from donor levels predominate (conduction process 
is extrinsic) then 


NcNa 

exp 


-Ec -Et \ 


kT 




( 1 ) 


(b) at an intermediate temperature when the thermal excitation of electron 
from the valence band is much more to dominate the contribution from donor 
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state (i.e,, the conduction process is neither extrinsic nor intrinsic only, but is in 
a transition state. Roberts and Schimidlin ( 1969 ) has defined this as non- 
extrinsic and in this case 
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(c) lastly at sufficiently high temperature when the conduction process 
becomes intrinsic then 



Figure 2. Band modol and Trapping states for (PPFa) iilms. 
Ev — energy corresponding to top of valence band 
Ep — Fermi level 

Et — energy of the trapping and donor centres 
Ee — energy corresponding to bottom of conduction band 
Nv — density of states in valence band 
Na — density of donor centres 
density of trapping centres 
jVc — density of states in conduction band 
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Those equations account for the three regions which appear in figure 1, 

each having different thermal activation energy associated with different process 
of conduction. 

If Tab denote the transition t mporature from low temperature state of 
extrinsic process of conduet.ion to intermediate temperature of non-extrinsic 
process then according to equations (1) and (2). 


^ 

k * Tn(2iV,JVW) 


( 4 ) 


Similarly if The is the transition temperature from non-extrinsic process to intrinsic 
process of conduction then from equations (2) and (3). 

kAn{Nel2Nt)' 

Thus the density of trapping centres and donor levels can readily bo determined 
from the two equations by utilizing the t^xpe'rinuuitally observed transition 
temperatures Tab^ Tic the activation energies Kc and Ec—Eiji calculated 
from the wollknown relationship 

(T = (rf^C)Xji{--ElkT). ( 6 ) 

The averaged data of five samples are summarized in table 1. 

If the effective density of states in the conduction band (Ne) and valence 
band (N^) is taken to be cm-^, which is of the order of molecular density 
(Roberts and Schmidlin 1969) in PPFa films then substituting the data from 
table 1, the value of Nt is about 19^^ cm^® and Na is about 

(1-38 ±0-07) 10»cm~®. 

Table 1. 


Ec 

Ec-Et 

Tab 

Tic 

Film thiokneas 


0-8 _i 05oV 
0-45 i 05 eV 
385±11 K 
427± 9K 
16.50 iiSoA 


However the value of Ni recorded in present study differs much from the 

value (N = 3-26 X 10'® cm"®) reported previously (Phadke et al 1978), 
*SCLC 

which was calculated from the spaco-chargo-limited, current-voltage charactcris- 
tics at 300 K. This deviation may be duo to uncertainty in the assumed value 
of Nc and N„. Unfortunately there appears to be no previous reported data 
on PPFa to have a cross check. 
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5. Gonclnsions 

The results obtained are in accordance with proposed model in which the energy 
gap between bottom of conduction band and top of valence band is 0*8 *= 0-06 eV. 
Two temperature induced changes in the activation energy E for ohmic conduc- 
tion have been observed. For T < 386±11 K; = 0’46 eV; for 386±11 
K<T< 427d-9 K; E = 0-6 eV and for T 427±9 K; = 0-8±0-06 eV. The 
activation energy for SCLC is 0-6±0-02 eV at all temperature investigated. 
At temperature below 386 = 11 K the conduction process is consistent with 
presence of an electron trapping centres located at 046±0-05 eV below the 
bottom of conduction band of density (3’16i0'06) 10’® cm“® and donor levels 
of density (l-3±0 07) 10* cm-* at the same depth. Above 427±9K there is 
evidence to suppose that the conduction process is intrinsic. 
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Abstract. The CaS : Nd phosphors synthosistul from gypsum arc characterised 
by X-ray powder diffraction Dftothod. All the samples show uniform growth 
of only CaS lattice. The site ooeupied by Nd^"*^ in this lattice as substitutional, 
could not be ascertained by X»ray work. 


1. Introduction 

Inorganic solid phosphors arc strucUire sensitive materials. In order to investi- 
gate their properties it is necessary to examine thtnr crystal structures. 
According to Fonda (Fonda 1948a) lattice abnormalities may affect the omission. 
To know the chemistry involved in doping the phosphors with impurity, X-ray 
analysis is preferred over eheiiiical analysis because the latter eaiuiot determine 
the nature of cryntallinity of compounds. In this paper we report briefly the 
crystal chemistry involved and site occupied by impurity in CaS lattice through 
X-ray powder diffraction analysis. 

2. Phosphor preparation 

A series of ten samples of CaS : Nd phosphors is prepared on the lino of Bhawal- 
kar’s method (Bhawalkar 1 951 ). The CaS 04 . 2 H.p purified from mineral gypsum, 
activated E-Merck carbon and BDH Hypo as flux wore mixed in the ratio of 
6:1:1 respectively by weight alongwith the known weight of the activator 
Neodymium and fired at an elevated temperature 920±10°C (Mohra et al 1976) 
for two hours. 

3. Measurements and Resnlts 

X-ray diffraction powder pattern is taken on Orwa X-ray film of 36 X 366 mm 
using Philips Debye Scherror powder camara with radius 67-3 mm. The aper- 
ture selected is 1 mm in diameter. A thin symmetrically cylindrical rod (about 
6 mm dia.) of the phosphor specimen is prepared with the help of ‘quick fix’ as 
the cementing material, so that absorption due to Lindemann capillary is avoided. 
Ni-filtered CuK radiation obtained from sealed Machlott X-ray diffraction tube 
type-2 is used to take the photographs. 

^Department of Physics, M. A. College of Technology. Bhopal (M.P.). 
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Tho moasuroment of tho diameter between two corresponding lines around 
20 — 0° and 20 = 90*^ of the two holes in the film is done by Carlzeiss Com- 
parator (least count 0*001 mm). The error due to shrinkage is calculated 
(Buerger 1953) and necessary correction is applied. The lattice spacings ‘d’ 
are calculated and are compared with the standard data given in N.B.S. Circular 
539, U.8. Department of Commerce and all tho lines are indexed. The exact 
intensity measurements are not carried out but visual intensities are recorded 
(Table 1 and 2). Lattice cojistant ‘a’ for each sample, is obtained by Nelson 


Table 1. Sample No. 21. 


Lino 

No. 

Intensity 

d Calculated 

d Standard 

hkl 

Phase 

1. 

V.S. 

2-778 

2-848 

200 

CaS 

2. 

V.S. 

1-986 

2-013 

220 

CaS 

3. 

s. 

1-626 

1-643 

222 

CaS 

4. 

M.S. 

1-403 

1-423 

400 

CaS 

r>. 

S. 

1-265 

1-273 

420 

CaS 

6. 

S. 

1-152 

1-162 

422 

Ca*S 

7. 

M. 

0-9986 


440 

CaS 

H. 

M.S. 

0-9408 

0-9491 

600 

CaS 

9. 

M.S. 

0-8906 

0-9005 

620 

CaS 

10. 

M.S. 

0-8521 

0-85H6 

622 

CaS 

11. 

F. 

0-8193 

0-8220 

444 

CaS 

12. 

M.S. 

0-7893 

0-7897 

640 

CnS 

v.s. 

s. 

M.8. 

F. 

M. 

Very Strong, 

Strong. 

Medium Strong. 

Feeble. 

Medium. 





Table 2. Sample No. 25. 

Line 

No. 

Intensity 

d Calculated 

d Standard 

hid 

Phase 

1. 

V.F. 

3-089 

3-178 

131 

Na.S 04 

2. 

V.F. 

2-915 

3-118 

200 

CaSO^ 

3. 

V.S. 

2-843 

2-846 

200 

CaS 

4. 

V.F. 

2-602 

2-646 

220 

NaaSO* 

5. 

V.F. 

2-018 

2-013 

220 

CaS 

6. 

V.F. 

1-865 

1-860 

311 

CaS 04 

7. 

S. 

1-648 

1-643 

222 

CaS 

8. 

M.S. 

1-416 

1-423 

400 

CaS 

9. 

S. 

1-276 

1-273 

420 

CaS 

10. 

s. 

1-157 

M62 

422 

CaS 

11. 

M. 

1-001 

1-0068 

440 

CaS 

12. 

M.S. 

0-9410 

0-9491 

600 

CaS 

13. 

M.S. 

0-8941 

0-9006 

620 

CaS 

14. 

M.S. 

0-8563 

0-8685 

622 

CaS 

16. 

F. 

0-8200 

0-8200 

444 

CaS 

16. 

M.S. 

0-7894 

0-7897 

640 

CaS 


Intensity notations as in table 1 and V.F. Very Feeble. 
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and Riley extrapolation method (Nelson and Riley 1945). The variation in 
a values is plotted against the concentrations <»f activator in samples (figure 1). 
The a values along with the KSD values (calculated by formula given in 
Champion and Davy 1960) arc given in table 3. 

3. Latt>ico conutaiii with KSD valu&B and aotivatur concentraiioii. 


Sample 

Nos. 

Nd — Oouconiration 
in 10 gms. of 
CaS04.2HaO 
by wt. 

Lattice constant 
‘a* 

ESD values 

9 

2 0 xl0-4gm. 

5*691 

-J: 0*01 80 

11 

6-0 xl0-« „ 

5*675 

±0*0380 

14 

9 0 xlO-^ .. 

6-695 

±0*0380 

17 

3*21x10 3 „ 

5*691 

±0*0390 

20 

7*5 XlO-3 „ 

5*672 

±0*0210 

21 

1*0 xio-2 „ 

5*088 

±0*0300 

22 

2*0 Xl0~2 

5*668 

±0*0220 

23 

4*5 xlO-2 „ 

4*698 

±0*0390 

25 

6*5 xlO-a „ 

5*702 

±0*0220 

27 

1*0 X lO'i „ 

4*715 

±0*0260 


4. Disfcussions and Conclusions 

In the present series of phosphors all the samples show the diffraction linos of 
CaS. Absenco of oxt.ra lines indicate that the reduction of CaS04.2Hjj0 to CaS 
has taken place and that a homogeneous lattice of Ca8 is formed. Sample No. 
26 Plate is in this scries has a peculiar bchaviom-. This sample shows 131 and 
220 reflections of NagSO* and 200 and 311 reflections of CaS04 which means that 
the base as well as the mtermediatory product of the flux used arc present in 
the sample. The strongest lino of Na3S04 (IV) transforms to Na2S04 (III) 
(metastable at room temperature) at. ambient temperature. One of the possi- 
bilities of doteriorai.ion of sample No. 25 can bo assigned to the shortage of 
Carbon in reduction. This shortage does not allow whole of the CaS04 to reduce 
to CaS. The probable equation of semireduction can be : 

2CaS04-|-C-l-Na2S.^03 — > CaS-4'CaS04-t-Na2S04-{-C0 1“ -I-SO 2 ^ . 

The resolution of oc^ doublet indicates the quality of crystal formation. If 
separation between cti is large the crystal formation is better and vice versa. 
The sample No. 26 shows minimum separation in a, which suggests that the 
crystal formation is poor, while sample No. 21 Plate 2 has maximum separatio 
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between in the series. It helps in assuming that this sample should normally 
bo the best sample of this series. The fact is supported by the fluorescence of 
various samples, in which symple No. 21 exhibits intense lines (plate No. 3a) 
while the sample with higher concentration of activator does not exhibit such 
strong linos. Probably the quantity of activator added to sample No. 21 is 
just sufficient to have the peak emission lines. The lower the quantity of activa- 
tor weaker is the intensity of fluorescence of samples and hence the lines inthe 
spectra (sample No. 14) do not appear (plate No. 3b). 

In the present course of study of phosphors the method of 83mthesis used 
by us needs justification. The formation of another phase of CaO does not at 



Figaro 1. Lattice constant a with increasing concentration of Nd. 


all take place as no diffraction lines for this are obtained. It may be due the 
formation of an intermediate compound Na2S04 during the decomposition of 
the flux. It does not possibly permt oxygen in the air to be used up by CaS04 
to get converted to CaO. X-ray diffraction plate No. 2 shows the presence of 
Na2S04 but not of CaO. One of the authors (Machwe 1969) has confirmed the 
absence of CaO exactly on the lines of Tunitskaya (Tunitskaya 1963) during the 
spectral study of CaS : Bi phosphor prepared by the method identical to the 
present one. 

It is important to arrive at the site of impurity atoms in the lattice. The 
impurity may dissolve via substitution solid solution or forming interstitial 
solid solution. In CaS lattice Bi does not show any variation in the values of 
lattice constant when doped at varying concentrations. So Saxena (Saxena 



Mbhta, Maohwb, Tiwari & Saxbna 


Ind J PhyS 'Vol 63A No 4 1979 


SAMfLl 11 


200 C<^5 
^^0 CaS 

212. Cai 

AOO ^ 
^20 CaS 
An CaS 

AAO CaI 
feOO caS 

Uo CaS 
CAi 
AAA CaS 

tAo c.»i 



SAMK.V N«. ir 


.CaSOi^ 100 
CaS Zoo 
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J966) inferred that Bi occupies interstitial site which is a known fact . How- 
ever, goes substitutionally in zinc-orthosilicate for Zn and thereby alters 
the lattice constant (Rooksby 1947). Similar change in 'a* due to the substitu- 
tional site when occupied by the activator is reported (Fonda 1948b and Diwan 
and Ranade 1969). The substitutional site of Mn-^+ is confirmed by ESR- 
studios in CaS-lattice by Nair et al (Nair et al 1969). The ionic radii of Ca2+, 
Nd®^ and are 0*99, 1*04 and 1*84 A respectively, while the electronegativity 
values are 1-0, 1*07 and 2-5 respoc^tively (Cotton and Wilkinson 1962). These 
data help in suggesting that Nd®+ may occupy substitutional site in CaS lattice. 
The suggestion of Yocom and Larch (YoCom and Larch 1965) seems to have 
some significance. According to him the in CaS lattice may occupy the subs- 
titutional site in place of 2 Ca^^ atoms wit h a near iwughbour vacancy left free for 
charge compensation by moiiovahuit Na iqn spared by flux used in the process. 
Some vacancies are detected indir(‘ctly in the form of Fg"* and F 3 centres leportcd 
by EPR-studios in CaS lattice (Ekbote and Raiiadc^ 1972). Substitutional site 
for Nd®+ is reported in ZiiS lat tice (Larch 1966). The lat tice? 'a' value thus show 
a slight variation with the inereaw' of concentration of Nd®-^ up to 4 - 2 xl 0“2 gm 
(figure 1), but the change is insignificant. For higher concentration that is up 
to 1 X 10~^ gm a regular rise in 'a' values (dotted lin(‘ in the same figure) is obs(‘rvcd. 
If samples of stHl higher concentratJon of Nd v(M‘e prt])arcd probably such a 
rise would have helped in inferring that Nd goes substilunally in C'aS phosph(»rs. 
But at the same tim(^ higheu* e(>n(*<Mitrat.ion of activator produces (^mulching of 
luminescence. In other words at us(?ful coiici^ntrations of activator for lumines- 
cence the X-ray diffraction technique, unl(?ss very accurate methods are used, 
seems to bo a weaker tool to decide tlu' site occupied by them. Thus without 
any supporting study to X-ray diffiact-ion, it. is not ptjssible to arrive at a definite 
conclusion that Nd® ' occupies substitutional sitc^ 
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Abstract. From an appropriate form of the interaction potential energy func- 
tion the values of the cohcHivo <'nergy, force constant, compressibility, i.r. 
absorption frequency, I)oby<i teniperature, Griineisen parameter, Anderson- 
Gruneitwm paramt-ter, and Moelwyn-Hughes paramotor oi alkali hydride crystals 
have been reported rising a recent tnetho<l of calculation which utilizes mole- 
cular constants known to a high degree of accuracy. The agreement between 
calculated and experimental values is satisfactory which further establishos 
the universality of the logarithmic potential for ionic crystals. 

1. Introduction 

The interaction potential energy function plays an important role in solid state 
physics. It is possible to predict a large number of properties of a crystal if 
the true nature of the binding between the atoms of the crystal is known. 
Several empirical and somi-ompirical potential energy functions are available 
which contain cither inverse power function or exponential function for the 
repulsive terms, but they have been severely criticised by several workers 
(Brumer and Karpins 1973, Dobbs ami Jones 1957, Bee and Holt 1973, Thakur 
1973, 1976a, Woodcock 1974). Various theoretical potential energy functions 
are also available, but they are inad(iquate for accurately reproducing experi- 
mental results. Thakur (1973, 197(5a) has suggested a new potential model, 
which is wellte.sted for several ionic compounds (Thakur 1973, 1974a, b, 1976a, b, c, 
1976a, b,c, 1977a, Thakur and Pandey 1974, 1975). In the present paper, this 
new model (Thakur 1976a) has been utilised to compute the properties of alkali 

hydride crystals. 

2* Calculation 

The new logarithmic ijotontial (Thakur 1976a) is given by 

^(r) = —AeV'i— C'r-*-Z>r-®+^’Colog(l— pr"*). (1) 


♦ To whom all oominunications should bo addressed. 


401 



402 


B N Thakur and K P Thakur 


whore A is the Madelung constant, e the electronic charge, ^(r) the potential 
energy of an ion pair interacting with each other and with rest of the lattice r 
the inter-nuclear separation, C and D are van der Waals constants and P and p 
are potential parameters. The contribution of the hyperpolarizability term 
has been neglected in equation (1) since it contributes only 0'01% to the total 
potential energy (Thakur 1976a). The potential parameters have been computed 
by the method of Kachhava and Saxena (1963). The values of C and D used 
in the calculations wore obtained from the polarizability data of Varshni and 
Shukla (1963) using the method discussed by Chandra and Sharan (1967). 

Knowing the potential parameters, (l)(r^) and hence the cohesive energy 
per mol, IT, is calculated by the relation 

IT ^ W(ro) + 6] ‘ (2) 

where N is the Avogadro’s number, e the zero point energy and the equilibrium 
neighbour distance in the lattice. 

The value of the cohesive energy computed from equations (1) and (2) are 
listed in table 1 togetlujr with tlie experimental values and other literature values 
(Dass and Saxena 1965). Table 1 also presents the computed values of potential 
parameter p. 

Following Krishnan and Roy (1951) the h)rco constant, / is given by 


M ^ (3) 

where ^(r) is the non Coulombic part of ^(r) and primes denote derivatives with 
respect to r. 

From the polarization the contribution to the force constant,/, is given by 
(Sharma and Gupta 1963)) 


where F®, is the volume of unit coll, has been neglected in equation (3) since it 
contributes only a little to the total value of /. Mrroover if we consider a uni- 
formly polarized sphere in the absence of an external electric field, the only 
forces acting are duo to the ^(r) term as shown by Szigetti (1951), the Lorentz 
effective field F being equal to zero. 

The compressibility, /?, is related to the force constant 


( 4 ) 
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Table 1. Values of iutorionic distance (ro/in 10““ cm), potential parameters 
{pjm 10-48 cm®) and P/in kJ mol-») and cohesive energy (TF/in k/ mol-') from 
various sources for alkali hydride crystals. 


Crustals 

r 

(exptl) 

P 

(calc) 

r 

(calc) 

W 

(expt) 

W 

(calc) 
equatiouH 
(1 and 2) 

W 

(calc) 

Born 

potential 

W 

(calc) 

exponen- 

tial 

potential 

LiH 

2 042 

18-817 

960-6 

903-7 

976-2 

766-8 

1039 1 

NaH 

2-440 

37-692 

looe-i 

«00-2 

823-9 

692-1 

883-2 

KH 

2-850 

76-612 

1133*3 

710-6 

700-4 

626-6 

760-9 

RbH 

3-0186 

90-695 

1251*6 

682-7 

671-6 

601-9 

722-2 

CsH 

3-188 

108-119 

1320*6 

651-2 

637-7 

678-4 

686-6 

Average 

error (%) 




3-2 

12-7 

8-7 


where is the crystal structure parametc^r, which is 2 for f.c.c. lattices. 
The i.r. absorption frequency, r, is given by 


2n 


(5) 


whore m is the reduced mass being known, the Debye temperature, Oj), is com- 
puted from the relation 


Od = 


hv 

k 


(6) 


where h is Planck’s constant and k, the Boltzmann constant. 

The values of /, /?, v and fh obtained according to equations (3) to (6) are 
reported in Table 2. The table 2 also contains the Griineisen parameter (y) 
calculated from the relation 




( 7 ) 


where and refer to the second and third derivatives of <f>(r) respectively. 

The values of Anderson-Grijneison parameter, d, computed from the second 
relationship of Chiang (1967) connecting y and 6 are also listed in table 2. 

The Moelwyn- Hughes parameter, which is merely the pressure derivative 
of the isothermal bulk modulus qf elasticity at constant temperature, plays a 
very important role in solid state physics (Thakur 1976b, 1977a). The applica- 
tion of thermodynamic principles to crystal stability and compressibility condi- 
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tions of an interaction potential energy function yields the following expression 
for the Moolwyn-Hughes parameter (Thakur 1976b) 



where B is the isothermal bulk modulus of elasticity, P the pressure and V the 
molar volume. 

The computed values of according to equation (8) are also presented in 
Table 2. 


Table 2. Calculated values of force constant {//in Nm“^), compressibility 
(/?/in i.r, absorption froquoiicy {vqIiti Debye temi)erature 

{Oofin °K), Gpunoiscn parameter (y /dimensionless), Andorson-Gruneisen para- 
meter (6) dimensionless) and Moelwyn-Hughes paramot(^r (Gi/dimonsionloss) 
for alkali hydride crystals according to potential (1). 


Crystals 

/ 

p 

1^0 

Od 

r 

d 

Cl 


LiH 

59*38 

2*06 

32-08 

1540 

1-20 

2-40 

3*40 


NaH 

37*83 

387 

24*45 

1173 

1*33 

2*66 

3*66 


KH 

24*66 

6*93 

19*57 

939 

1*39 

2*78 

3*78 


RbH 

21*28 

8*51 

18*05 

866 

1*43 

2*86 

3*86 


OsH 

18*41 

10*39 

16*76 

804 

1*46 

2*92 

3*92 



3, Discussion 

Much less is known about the hydride crystals. Hydrides btdong to a peculiar 
group of ionic crystals in which polarisability and ionic radious of hydride ion 
changes as wo pass from LiH to CsH. No single potential energy function 
reproduces experimental data for all hydrides. The present communication 
adds a little to the physics of tliese hydride crystals by predicting the values of 
the parameters W,f, //, v, 0 d, y, d, and (7,. The computed values of W (in Table 1) 
compare well with the cyclic data. Although no experimental values of f, v, 
and On for hydrides are available in the literature still it is found that they obey 
the same rule as is obeyed by alkali metal halides (Thakur 1976b, 1977a, b; 
Thakur and Thakur 1976) i.e,, the plot of / against is a straight line, the plot 
of log p against log is a straight line, and the plots of v and against reduced 
mass are straight linos. Thus we conclude that our computed values of /, v 
and do are acceptable. The experimental values of y, d and for these crystals 
are also not available in the literature. It is found that the present values of y 
vary in a narrow band about the value y = 1*3 for these crystals. For alkali 
metal halides and alkaline earth ehalcides the values of y vary round the value 
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7 = 2 and y = —3, respectively (Thakur and Pandey 1975). Actually the 
values of y depend upon the specific volume and they increase, as a rule, as we 
move towards the heavier crystals. Thus it can be said that the present values 
of 7 which follow this rule are acceptable. 
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Abstract. Some members of the International Electrotechnical Commission 
(1973) have justified the use of the wave number 3500 om“^ to evaluate mechani- 
cal Q not properly. Proper consideration reveals that the wave number 
3690 cm"* or any other wave number in the 3400 cm“^ region of ir spectrum 
could be used for this purpose. 

1. Introduction 

It is well-known that quartz single crystals give rise to a complex ir spectrum 
consisting of upto sixteen distinct absorption bands in the 3400 cm~^ region. 
In 1966, Rudd et al found that the mechanical Q of quartz was related to the 
extinction coefficient (a) of a particular wave number 3600 cm“^ which happens 
to be one of the above mentioned absorption bands. Mechanical Q of quartz 
was evaluated by that of AT-cut resonator (6 MHz) processed from the material 
under consideration. The standard method (viz. transmission technique, logari- 
thmic decrement technique or resonance response band width technique) was 
utilised for evaluating it. Extinction Coefficient was obtained from the formuly : 

QL = ^^8 80 0 ^ 3500 

thictnoss (cm) 

whore J^ggoo a^nd ^3500 trancomittances at 3800 cm”^ and 3600 cm”'^ respectively. 

This type of relation could be obtained because of the presence of some 
impurities like hydrogen (Ballman and Rudd 1966) which lowered mechanical 
Q of quartz and also because the hydrogen content of the crystals could be identi- 
fied and determined by its ir absorption spectra. This type of relation evidently 
helped to avoid the comparatively complex method of evaluating mechanical 
Q by standard methods, and also made it possible to obtain mechanical Q value 
with considerable accuracy within a few seconds. 

The purpose of writing this note is to discuss the justification of selecting 
the wave number 3600 cm“^ from the ir spectrum for this purpose. 

♦ Present address : Central Glass & Ceramic Research Institute, P.O. Jadav- 
pur University, CaJoutta- 700032, India. 
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2. Discussion 

Although Rudd et at (1966) recommended the relation Q Vs (X 35 QQ, they commented 
that the wave number 3590 could also be used to tost the relationship 
between mechanical Q and extinction ooefiScient (a). However, they observed 
that a better correlation with sample xiossessing a very high Q existed at 3600 
cm Sawyer (1972) found also the relationship Q Vs <X 35 oo< Toyocom (1970) 
has suggested a relationship Q Ya International Electrotechnical Commis- 

sion (1973) faced difficulties in selecting the wave number for this purpose. Some 
members of International Electrotechnical Commission (1973) have suggested 
the use of 3500 cni"^. The justification given by them for not using the wave 
number 3590 cm-^ was that this band wu 4 i associated with Li impurity in combina- 
tion with OH. In support of their statement thc^y referred to the work of Dodd 
and Fraser (1965). But it is to be pointed out that according to Dodd and 
Fraser (1965) the band at 3585 cm“^ was associated with Li in combination with 
OH in the case of natural quartz only and not in the case of synthetic quartz. 
In the case of synthetic quartz the band at 3585 cm* ^ was independent of alkali 
impurities. Since the relation Q Vs a is practically applicable to evaluate 
mechanical Q of synthetic quartz, it appears that the supporters for the wave 
number 3500 cm ^ have referred incorrectly to the work of Dodd and Fraser 
(1965) in support of thoir statement. Moreover, it will not also be proper to 
accept the idea that the band at 3585 cm“^ in the east' of synthetic quartz should 
be associated with alkali impurities in combination with OH simply because it 
is so in the case of natural quartz. This is substantiated by the fact that the 
bands at 3440 and 3400 cm"^ were associated with alkali impurities in combina- 
tion with OH in the case of natural quartz but the same bands w^ore found to bo 
independent of alkali impurities in the case of synthetic quartz. The occurrence 
of the very absorption band at 3585 cm”"’ in the spectrum of natural quartz is 
still doubtful, because no other worker has observed this band in the case ol 
naturtal quartz (Bambauer 1961, Bambauer et al 1961, Brown and Kahan 1975, 
Chakraborty and Lehmann 1976a, Dodd and Fraser 1965, Kats 1962, Staats 
and Kopp 1974, Wood 1960). Therefore the justification for not using the band 
at 3585 cm“^ for evaluating mechanical Q is not proper. On the other hand, 
some other members of International Electrotechnical Commission (1973) 
supported the use of 3585 cm~^ because they obtained the relation Vs 
and found it suitable for evaluating mechanical Q. 

The position of the wave number 3585 cm-^ can be fixed up in thoir chart 
easily because it is a specific sharp absorption band. This facilitates easy and 
accurate evaluation of o&gg^g and hence from the practical point of view it is more 
logical to use Q Vs 

** This band shifts to 3585 cm“^ at 78K. 
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Chakraboriy and Lehmann (1976b) showed that OH associated with the 
bands at 3585, 3520, 3440, 3400 and 3356 was linearly psroportional to the 
total OH content of the crystals. It can be easily derived from this work that 
extinction coefficient of those bands are linearly related to the hydrogen content 
of the crystals. The reason is that OH associated with a specific band can be 
obtained by multiplying extinction coefficient with the band width which is a 
constant for that band and a constant factor (1976b). It was also noted that 
mechanical Q was inversely proportional (approximately linearly) to hydrogen 
content of synthetic quartz. Therefore it was concluded that absorption co- 
efficient of any of the above mentioned bands could bo used to indicate mechanical 
Q, because each of those bands bore same type of relationship with mechanical 
Q, This is also substantiated by the fact that few workers used G Vs ajgQQ and 
some others used Q Vs relation. 

Hence, it can be concluded from the discussion that the justification for 
using the band at 3500 cm~^ to evaluate mechanical Q was not properly made. 
It seems highly probable that any of the absorption bands in the 3400 cm“^ 
region of ir spectrum could be used to indicate mechanical Q. Also from the 
practical point of view it is recommended that a band with sharp absorption 
peak should be used to evaluate mechanical 0. 

Admowledgments 

The author wishes to thank Prof. Dr. G. Lehmann of Munster University, West 
Germany and Dr. J. Mukhorjee, Central Glass & Ceramic Research Institute, 
Calcutta, India for their interest in the work. 

References 

Ballman A A and Rudd D W 1965 I'he Western Mectric Engineer IX 1 
Bambauer HU 1961 Schweiz. Min. Petr. Mitt. 41 335 
Bambauer H U, Bruimor G O and Laves F 1961 JJ. Elektrochem. 56 135 
Brown R N and Kohan A 1975 J. Phys. Ckem. Solids 36 467 
Chakraborty D and Lehmann G 1976a Phys. StaJt, Sol, A34 467 
Chakraborty D and Lehmann G 1976b J. Sol. State Chem. 17 305 
Dodd D M and Fraser D B 1965 J. Phys. Cherh. Solids 26 673 

International Electrotechnical Commission, Technical Committee 49 (Secretariat) August 1973 
Kats A 1962 Philips Res. Repts. 17 201 

Rudd D W, Houghton E E and Caroll W .1 1966 The Western Electric Engineer X 1 

Sawyer B 1972 lEE Trans. Sonics Ultrasonics SU-19 32 

Staatfl P A and Kopp O C 1974 J. Phys. Chem. Solids 35 1029 

Toyocom Technical Bulletin 1970 June 30 4 

Wood D L 1960 J. Phys. Chem. Solids 13 326 



Indian J, Phys, 53A, 409*419 (1979) 
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Abstract. Dispersion relations for the lattice excitations along th <5 high 
symmetry directions have been Investigated theoretically using a central pair 
potential (CPP) model incorporating the electron -response for bcc mono- 
valent metals. The model oxpfiessea tlie ion-ion intoroiction as the first and 
the second derivatives of CPP potentials coupling the nearest and the next 
nearest neighbouring ions of bcc structure. The long range electron ion 
interaction have been described on the linos suggested by Sharma-Joshi scheme, 
which is well suited for the alkali metals because of validity of the small core 
approximation. The lattice stability has boon preserved under the ionic 
pressure which is counterbalanced by that due to conduction electrons. 
Binding energy, pressure and bulk modulus produced by the short-range 
electron response to the ionic motion have been discussed in the light of some 
theoretical formalisms. The simple model explains very well the cross over 
of L and T branches along the direction [i^OO]. The phonon frequencies for 
the alkali metals yielded by the model show good agreement to the exxjeri- 
mental ones. 

1. Introductioa 

Lattice dynamical behaviour of cubic metals have been phenomenologically 
investigated (Goel et at 1974, Rathore 1975, Rathoro and Vorma 1976, Singh 
and Hemkar 1975, 1976, Behari and Tripathi 1970, 1972) using non central force 
models incorporating both typos of angular foj ces vi^ the de-Launay (1956) type 
and the Clark et al (1964) type. Recently the present author (Rathore and 
Verma 1977a) have showm that there is hardly any justificationfor the inclusion 
of the angular forces in the interaction system of simple metals like the alkalis. 
Moreover it has been established that the angular-force parameters merely 
express the electron pressure, which has been ignored in all these studies. Further 
it has been verified that the CPP forces (Maradudiii et al 1963) are equivalent 
(Rathore 1977a) to those contained in the axially symmetric model (Lehman 
et al 1962) or Bhatia model (1955) for describing the ionic interaction. In the 
present communication, the electron response to the ionic motion has been investi- 
gated in some details leading to the consideration of the following interactions 
in metals. 
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(a) The presence of conduction electrons in metals screens the ion-ion 
interaction upto a few neighbours. In view of this fact the first and second 
derivative of central pair-wise potentials coupling only the first two neighbours 
have been used to derive the elements of dynamical matrix representing the 
ion-ion interaction in bcc structure. 

(b) The electron-response to the ionic motion give rise to the kinetic, poten- 
tial and correlation-energies, which being volume dependent cause electron 
pressure ignored so far. 

(c) The longo-range electron-ion interaction has been described on the linos 
suggested by Sharma-Joshi (1963) which although does not satisfy the symmetry 
requirements but its coupling-coefficients falls off desirably because of the pre- 
sence of the Bardeens function (1937). Further the quantum mechanical analysis 
of Finnis 1974 supports the validity of this scheme, which is well suited for 
point -ions. 

The first derivative of CPP goes to describe the unpaired (Brovman and 
Kagan 1974) ionic interaction. The lattice stability so far not being dealt ade- 
quately, is maintained by equating the ionic pressure with that duo to the elec- 
trons, which bears a definite ratio Avith the corresponding bulk modulus. This 
ratio is derived by ascertaining best fit to the experimental data on phonon- 
dispersion. Theoretical analysis to reproduce those ratios for different alkali 
metals has also been worked out in the present communication. 

The model using the three known values of elastic constants and one cone 
boundary frequency, derives the dispersion relations in alkali metals which are 
in good agreement with the experimental data. The inclusion of short and long- 
range electron response to the ionic motion in the CPP scheme on one hand 
accounts satisfactorily for the Cauchys discrepancy while on the other hand 
makes the elastic and frequency relations consistent with the experimental 
situations. It may be noted that the crossing over of L and T modes along the 
direction [fOO] could be explained so simply in terms of the above mentioned 
short ranged electron-response. 


2. Theory 

The first (a^, ag) and the second derivatives (Px, fi^) of the CPP coupling the 
nearest [(f>i^) and the next nearest (<}>^) neighbouring ions can be defined as 



/V — - 

a 

^ r dr ' 


11 



1 50 / 
? d? 


aw 




dr'* 


( 1 ) 
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ro r aud r aio the leapective soparation of nearest and next nearest neigh* 
ouring ion from tho central one. The elements of dynamical matrix (D^) 
describing the ionic interaction in CPP scheme may bo written as 

= ^mfii—aCi)8,SfCy (bco) (2) 

= ^Wi+2xi)(l-C,CjDy)+2^^SJ‘+2a^{2-Cf'-Cy') 

where cc,^ — x, y,z, (7, = cos(^ayj), = sin(Ja</(,) and C^' — co%(aq^. a is 
the cube edge and the «-component of the phonon wave vector q. 

The volume interaction may be expressed on the lines outlined by Sharma* 
Joshi (1963) scheme as 


- (a^l2)Keq,q,0^{x) 


(bcc) (3) 


where x — q ro, ro is the radius of tho Wignor-Seitz sphere, Kp tho bulk modulus 
of the electron-gas aud (7 is tho Bardeen (1937) function, which introduces a type 
(jf symmetry in the expnjssion with tho rt^sult the Sharma-Joshi (1963) scheme 
satisfies tho condition of rotational invariance for all wave vectors except for 
long wave vectors where the deviation is not more than five per cent for alkali 
metals. Tho scheme yields good results for cases where small core approxima- 
tion is valid and tho conduction electron describe the Formi-surface which are 
not far from sphc^rical. 

The secular determinant expressing the phonon frequencies {w) in high 
symmetry directions may be written as 


\D—mwH\ =0 


( 4 ) 


where m is the mass of the ion and / the unit matrix of order 3. Elements cf 
total dynamical matrix (Dg^p) is the sum of those contributed by the ion-ion 
{Dg^pJ) and the electron-ion (D^^p^) interaction. 

On comparing the equation (4) in long wave limit to Chrisstoffel elastic 
equation (Love 1944) one gets 


a(7n = 2/3(2ai+A)+2A+«^e 

a(7i2 = 2/3(A--4ai)-2aa+aiS'€ (bcc) 

OfC^ = 2/3(2aj+^i)+2a2* 


( 6 ) 
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It is evident from these relations that the Caudchy’s discrepancy is partly due 
to the first derivatives of the CPP potentials and partly due to the electron bulk 
modulus {Ke) viz. 


aCi 2 ’-aC^^ = —4:(ai+0L2)+aKe (bcc) ( 6 ) 

It is worth mentioning that the values of Cu, C 12 and ^^44 used as inout data 
are experimentally determined under to condition of static equilibrium (Thomas 
1971) of the crystal. Therefore the satisfaction of the condition of lattice 
stability becomes the pre-requisite to all such studies. The practical constraint 
for the lattice-stability may be expressed as 

Pl+Pe = 0 (7) 

where P^ is the ionic pressure, which may be derived as 

^ =2(a,+a,) (8) 

where 

0)/ = (9) 

The electron pressure P^ may be derived using the relation 

pe == ( 10 ) 

where O® is the total electron-energy, which comprises of the kinetic (or Fermi) 

potential (or exchange) and correlation energies. The kinetic part of the energy 
may be written as 



( 11 ) 


where me is the mass of the bound electron and Kp the fermi wave vector. 

It is interesting to note that an accurate explicit binding in metal is expressed 
by Bohm-Pines (Ziman 1964) screening. This fact has also been reported 
recently by Moruzzi et al (1977). Considering that the screened Coulombian 
intereaction is responsible for the binding of the electrons, the potential energy 
of these electrons may be derived as 


^, 0 * [{Kere)-^-exp{-K^e){{K,rer^-(K^e)-^}} 


( 12 ) 
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where Ke the screening paraiueter and re the electron spacing. It may also 
be noted that the electron-electron correlation energy given by Noziers and 
Pines (1958) interpolation procedure agree well with those given by Singwi et al 
(1968, 1970) and Vasistha and Singwi (1972) using mean field theory. Following 
Noziers and Pines (1958) one gets the expression for the correlation energy 


= I - 0^58;^^ /»; 1,NP) 

L re J 

(13) 


where j3 is related to Jong uave length momentum transfers. GelJman and 
Brueckner (1957) expression for ^cerr tasby be written as 


<f,c,rr = 0*622 la (r^) -0*096' (GB) 


(14) 


These volume dopendont electron energies may be used to derive the electron 
pressure which is related to the eletitron bulk modulus as 


Ke = -QSP^jdLl. (16) 

The numerical analysis of the disp<»rsiou frequencies has inferred that the 
oloctroii pressure (P^) boars a definite ratio with the oloctron-bulk modulus {Ke) 
i.e., 

Ke = crPr ( 16 ) 

Assuming that the electron provides wholly the kinetic energy and the 
potential energy takes care of the screening effect, the proportionality constant 
assumes the value 1-67 which has been used by the present author (Rathore and 
Verina 1977, Rathore 1977b) and also by some other workers (Upadhyaya et al 
1975, Kuishrostha and Upadhyaya 1976, Sharma 1976) to describe the dispersion 
relations in cubic metals. 

The phonon-frequencies derived on the basis of the present model provide 
the best fit to the experimental data for the following values of <t, 

(T — 1-8 for Li 
(T = 1-04 for Na 
cr == 1*4 for K 
or = 1*1 for Rb. 

Four of the model parameters are evaluated using equations (6), (7), (16) and (17). 
the fifth model parameter is evaluated by the knowledge of a zone boundary 
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frequency for T-mode at the point (100). The required relation may be ex- 

prensod as 


mwT^ fl00]= (18) 

3. Results and discussion 

The input data and the computed model paiitineters for alkali metals arc shown 
in tables 1 and 2 respect isroly. 

The computed dispersion relations for Li, Na, K and Rb are shown in 
figures 1,2,3 and 4 respectively by continuous linos. Theoretical curves reported 
in a recent study (Rai and Hemkai* 1977) are shown by dashed-lines. Experi- 
mental points closely follow the computed curves of the present model. Like 


Table 1. Input data for alkali metals 


Metal 

fii 

^12 

c'44 

a 

m 

VT 

Reference 



dyne/cm' 

3 

A 

10-2*gm8 

10'®Hz elastic 

(jonstaiits 

frequency 

Lithium 

01481 

01248 

0-1U77 

3*48 

11-619 

8*60 

Nash and 

Smith (1969) 

Smith et al 
(1968) 

Sodium 

0-()808 

00664 

0-0686 

4*24 

38-163 

3-68 

Diederich and 

Trivisonno 

(1966) 

Woods et 
a? (1962) 

Potassium 

00410 

00341 

00261 

6-228 

64-909 

2-26 

Marguardt and 

Trivisonno 

(1966) 

Cowloy et 
al (1966) 

Rubidium 

00342 

0-0288 

0*0206 

5-605 

141-880 

1*24 

Gutman and 

Trivisonno 

(1967) 

Copley ef al 
(1973) 


Table 2. Computed model parameters 


Metal 

ax 

aa 

fii 

A 



10^ dyne/cm 



Lithium 

-003046 

-0*08062 

0*8698 

0*1818 

-0*3843 

Sodium 

-001626 

-0*0008974 

0*4079 

+ 0-6396 

-003666 

Potassium 

-0*01342 

-0*02688 

0*3043 

007176 

-0-11414 

Rubidium 

-0*01709 

-0*03983 

0*2428 

0*08914 

-0‘1267 
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the other phenomenological studies the theoretical curves due to Rai and Hemkar 
(1977) do not explain the cross over in KOO] direction, while the present curves 
for Li, Na, K and Rb do so at reduced wave vector ^ == 0*7, 0*8, ()'7 and 0*07 
respectively. The amount of these degeneracies are 9*64%, 0*6%, 7% and 0*6% 
for Li, Na, K and Rb respectively whereas the amount of assymmetry inherent 
to Sharma-Joshi (1963) theory in these regions are respectively 3*6%, 0*3%, 
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4-6% and 0*2 %. It is thus evident that the cross over is definitely explained 
by the model under report. The binding energies (B.E.) pressures (P®) and 
bulk moduli i (Ke) ar(3 computed on the basis of the formalisms given by Gellman 
and Bruockner (1957), Noziers and Pines (1958), Bohm Pines (Ziman 1964) and 
Thomas-Fermi (1927, 1928). The kinetic part of the energy given by the 



Figure 3. 
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Table 3. Binding energies, pressure and bulk mcMiulus for the electrons in alkali metals (in atomic mass units). 
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equation (11) has been added to given by the equation (12) to give the total 
energy used with Bohm-Pines and Thomas-Fermi schemes. The fermi ((pf) 
and the exchange energy given by the following expressions are added to 
<Peorr to giv-o the total energy used with the Noziers and Pines (1968) andGellmann 
and Brueckner (1967) schemes, 

Pf = 2-21/r, (19) 

= -0-916/r,. 


These values for B.E., P* and Ke are enlisted in table 3. The values of the 
proportionality constant (cr), thus derived theoretically may be compared with 
the model values giv<m by the equation (17). It may be verified that the Bohm 
Pino scheme gives the fair values of BE, P® and Kg, which are comparable with 
those given by the present model. 
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Abstract. The volume dependence of the electronic dielectric constant in 
CuCl, CuBr, AgCl and AgBr crystals has been calculated using the Clausius- 
Mosaotti dielectric model. The results are compared with the experimental 
values derived from tht* data on photoolastic constants and temperature 
dtJpondenoo of the electronic dielectric constant. Values of the strain polariza- 
bility parameter, strain derivative of the electronegativity pzaramoter and 
temperature derivative of polarizability have been reported for the crystals 
under study. 

1. Introduction 

Cuprous and silver halidos are partially ionic crystals whoso rather unusual 
behaviour has attracted the attention of numerous investigators. The present 
paper deals with the variation of electronic dielectric constant e with the change 
in volume V in CuCl, CuBr, AgCl and AgBr crystals. For cuprous halidos the 
photoelastic constants have recently boon measured by Biegolsen ef al (1976). 
The volume dependence of e, at constant temperature, can be estimated from 
the relation 


7 = 


( 1 ) 


where and photoelastic constants. For silver halides the data 

on Pii and ®re not available. However, the values of V 

crystals can be obtained from the temperature dependence of € using the follow- 
ing transformation 



( 2 ) 
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relation 


the volume thermal expansion coefficient. A theoretical 
^ , on the other hand, can be made from i he Lorontz-Lorenz 


e— 1 4:71 

e+2 " ST “ 


where a and V are, respectively, the polarizability and volume per ion pair. 
Volume derivative of equation (3) yields (Burstein and Smith 1948) 


^ (e-l)(e+2) 

€ \ d V I ^ 3e 


(4) 


In deriving equation (4), the polarizability has been assumed to remain constant 

under changing volume. Values of — ^ - -- j obtained from equation (4) are 

consistently higher in magnitude than the experimental values (Table 1). This 
implies the invalidity of the assumption that th(^ polarizability of ions are 
constant under changing volume. 


Table 1. Values of the strain derivatives of electronic dielectric constants 
\d 1 It c \dV I p 


Experimental 

Crystal 

F / ae \ V / de\ 

e [dVlp € Vd V/p 

CuCl -0'77 — 

CuBr —0*69 — 

AgCl — -0-44 

AgBr — — 0-43 


Value of — calculated from 

e \dVlT 


Equation (4) Equation (5) 


-1-40 

-0-70 

-1-68 

-0*76 

-1-49 

-0-94 

--1'75 

-~0-86 


2 * Volume dependence of polarizabilities 

If one considers the variation of polarizabilities with volume then equation (3) 
yields 

where A the strain polarizability parameter is 

V / da \ _ i :? / ^5 \ 

a \ dV ) r S ct dR ) ^ 


( 6 ) 
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R is tho interionic separation. We have recently suggested a method (Sharma 
et al 1976, Jai Shanker et al 1977) according to which j he expressed 
as follows 


( dR )t e ( as )a 

where ccq and ccq are the free ion polarizabilities of cation and anion respectively. 

e*le is the effective charge parameter introduced by Szigeti (1950). Tho strain 
derivative of the effective charge parameter can be obtained from the relation 
(Lowndes and Martin 1970) 

where p is the Born repulsive hardness parameter. We calculate A for Cud, 
OuBr, AgCl and AgBr with tho help of equations (6) to (8). The input data 
used in calculation have been compiled in table 2. The resulting values of A 

V ! de\ 

are given in table (3). Values of— ['^yj heon obtained from equation 

(6) using calculated values of A. These are included in table 1 for the sake of 
comparison. 


Table 2. Values of the input data used in calculations 


Crystal 

mk) 

P(A) 

€ 


e/e* 


<*o(A®) 

/ 

CuCl 

2*36a 

0-26» 

3*73‘^ 

4'63<^ 

0-67/ 

l-22e 

3-66* 

0-76< 

CuBr 

2-46« 

0-270 

4-48C 

5-87C 

0-69/ 

l-22<^ 

4-77* 

0‘74< 

AgCl 

2*77« 

0-28* 


6-33^ 

0*68tf 

1.72* 

3-66* 

0-86* 

AgBr 

2*88« 

0-28* 

4*68<< 

6-59« 

0*67<* 

1.72* 

4-77* 

0-85* 


(a) Slater (1965) 

(b) Bakh8his/aZ(1977) 

(0) Van Veohten (1969) 

(d) Lowndes and Martin (1969) 

(e) Tessman et at (1953) 

(f) Lawaetz (1971) 

(g) Pirenne and Kartheuser (1964) 

(h) Pauling (1927) 

(1) Phillips (1970) 
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Table 3, Values of the Strtun polarizability parameters, strain derivative 
of the electronegativity parameter, and temperature derivative of polarizability. 


Crystal 

X 

" ( 

dC^ 

\ 1 


c \ 

dR , 

It lioi 

Cu31 

0*60 

0-96 


— 

CuBr 

0-66 

0-67 


— 

AgCl 

0-37 

0-45 


0-27 

AgBr 

0-61 

004 


0-20 

Discussion 






The cuprous halides are teirahodralJy coordinated compounds with stronger 
covalent bond than that of silver hblidos (Phillips 1970). The photoelastic 
behaviour of cuprous as well as silver halides is similar to that exhibited by 
alkali halides (Aggarwal and Szigeti 1970) in iho sense that their electronic or 
high frequency dielectric constant increases with pressure. Following Phillips- 
Van Vechten dielectric theory one can write (Van Veehtc'u 1969) 


^ \ — ^ ( fi— 1 ) 

€ \ dV ) fp 3 e 




( 9 ) 


where / is the fractional ionic character and C is the electronegativity parameter. 
Theoretical calculation of ^ ) turns out to be rather difficult. However, 

after inspecting experimental values of (^y ) ffii* various ionic crystals, Va? 
Vechten (1969) arrived at the interesting conclusion that 



( 10 ) 


is a characteristic feature of highly ionic crystals. The above criterion (equation 
10) is best obeyed by alkali halides. Significant deviations from this rule are, 
however, expected for those crystals which are partially covalent. We have 


evaluated 



from equation (9) for the crystals under study. 


These 


values should, however, not bo considered highly accurate. Firstly these are 
derived in an empirical manner. Secondly the uncertainties in the calculated 


values of ^ (^ ) directly affect the magnitudes of ^ (^)* we 


8 
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can approximately find out how far equation (10) is obeyed by cuprous and silver 

halides. It is observed from table 3 that values of ^ smaller for silver 

halides than those for cuprous halides. This is in conformity with Van Vechten’s 
prediction since silver salts possess lower values of ionicities as compared to those 
for cuprous salts. 


It is apparent from table 1 that the values of — {gy} calculated from 

equation (6) are in better agreement with experimental values than those obtained 
from equation (4). This shows the importance of considering the variation of 
polarizability with volume in the theory of strain derivative of electronic di- 
electric constant. The agreement between calculated and experimental values 


V / de\ 

\gy) for the cuprous halides. Jt should be remarked that the 

cuprous halides are only known tetrahedrally coordinated binary semiconductors 

to have negative value ~ y^y) • On the other hand, ^ \ Qy) positive 

for tetrahedral crystals like ZnO, ZnS, CdS and GaAs (Vedam and Davis 1969, 
Cardona 1972). 


We observe from table 1 that for silver halides the calculated values of 




differ substantially from ihe values of 


\ dVh 


One can seek an 


y ! de \ 

explanation for this difference by emphasising the fact that — I ) includes 

€ ^0 V f p 

also a contribution arising from the temperature dependence of polarizability 
at constant volume. Following Vedam et al (1975) we can write 


(e-l)(e+2) r _L / ^ \ 1 

e \ d'V lp~ 3e L fix \ dT ly J 


( 11 ) 


Equations (5) and (11) yield 

X \ - Z , (e— l)(e+2) / da \ 

e\dV'lp ~ e\dVjT Sefia \ dT Jp 


( 12 ) 


V / de \ V /de \ 

Thus the difference between ~ ^ j and — \ ^) apparent from table 1 
can be ascribed to the temperature dependence of polarizability at constant 
volume. Using our calculated values of ^ obtained ^ 

for AgOl and AgBr. If is evident from table 3 that the variation in polarizability 
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with temperature is positive for these crystals. It will be pertinent to remark 

here that Vedam et al have also obtained positive v'alues of | ^ number 

of other compounds. It should be mentioned that the temperature dependence 
of polarizability at fixed volume is a useful quantity in the study of the anharmonic 
behaviour of crystals. 
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U-centre modes in mixed alkali halides* 
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Abstract. The localized mode duo to U-t^entro in various alkali halides contain- 
ing additive cation impurity at one of the six neighbouring sites have been 
computed by considering the vibrations of the U-centre and additive cation 
impurity. Using group theory analytical expressions have been derived for 
the doubly degenerate E mode and the non-degenerate Ax mode,, in terms 
of the change in nearest neighbouring overlaping force constant and the 
Green function O of the perfact crystal. The theoretical results have been 
compared with the experimental measurements. 


1. Introduction 

The first experimental observation on the local modes due to U-centre in mixed 
alkali-halidos was made by Schafer (1960) in (KCl : Rb+H) system. More 
detailed results wore obtained by Mirlin and Reshina (1966) and by Barth and 
Fritz (1967). Recently Gupta and Singh (1977) have reported the primilary 
results of the computation of these modes in (KBr : Rb+H) system by Green 
function technique. In the present paper we report the detailed theoretical 
results for (NaCl : K+H), (RbBr : K+H), (RbCJ : K+H) and (KBr : Na+H) 
systems. It is hoped that this investigation will be useful in understanding the 
changes that has taken place in crystal due to the substitution of the impurity 
at the cation site 

2* Method of Calculation 

It is well known that the local vibrations due to U-centres in alkali-halides are 
triply degenerate due to cubic symmetry of these crystals. However, when one 
of the six nearest neighbour cation is replaced by an additive cation impurity, 
the Oh symmetry of the system changes to site symmetry and the triply 
degenerate mode splits-up into a doubly degenerate E mode and a non-degenerate 
mode. 


426 


♦ This* paper wag presented in 65th Session of the Indian Science Congress, 
Ahmedabad (1978), where only abstract has been published. 



TJ -centre modes in mixed alkali halides 427 

For the computation of these modes we consider the vibrations of the hydride 
ion and cation impurity only. The modes of vibrations are given by 

r« = (1) 

These modes have been obtained by the Green function method (1967i using 
determinantal equation 

iI~GJl =0 (2) 

where O is the Green function matrix of the perfect lattice and J is the perturba- 
tion matrix as a result of the defects which contain both mass changes and changes 
in the short-range interactions. The Aort-rango interactions are represented 
by Kellermann’s coefficients A and B (1940). For simplicity we have taken the 
changes in B as zero by assuming that there is no relaxation around the defect 
and consider the changes in short-range force constant A only. We use the 
following notations 


= u4(cation perfact+— H'-)--^(perfact lattice) 
A^i = .4(cation defect"^-“H~)— i4(perfact lattice) 

= ^(cation defect^"~-Anion“)— i4(perfact lattice) 
A^3 = Aili— A^. 


( 3 ) 


Here ^(cation defect^— H-) represents the A parameter for (cation defect+ 
— H”) bond etc. In this case |I— GJI is a {(>X6) matrix. Using group theory, 
symmetry coordinates were constructed and the (G x 6) matrix was block di- 
gonalised into various irreducible representations. We obtain the following 
determinants for Ai and E modes. 


mode 


Dq Di 

I>z D, 


= 0 


E mode 


do dj 
dj dj 


= 0 


( 4 ) 


( 6 ) 
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here 

1^0 = 1— 

■^1 ~ 

■®2 ~ St'^o 

Dg = l-g^Ji+g^Ai 

di =i-gih 
— ^sio 
^2 — 9z3x 
^8=1 ^oio- 

•^0 = (-^a«<o«-J^«)M’®+A4+A^i 

«/l = {Mcation perfaet — 3iieatlon de/ect)w’*+A^i+A ^2 

jo = (Jlfanjon— -afH)w*+2A4 

jl (.^eatlon perfect — Mcatton defeet)w^~¥^^A^ 


(6) 


(7) 


and the g^ act are the Green function elements given by 

S7o = ««*(000, - ; 000, - ; w*) ' 

9i ~ ^x*(000, + ; 000, + ; w*) 

> 

Srg = G,,(000, 100, +;«;*) | 

grg = G„j,(000, — ; 100, + ; w®) J 


(8) 


It can be seen from these equations that the expressions for various modes 
involve parameter Ai4, A^j, A^a and the Green function G of the perfect crystal. 
The Green functions computed on the bases of neutron fitted shell model of 
Baunio and Bolandson (1970) were used in om: calculations. 


3. 'Results 

The computed results using the above expressions are displayed in Tables 1, 2, 
3 and 4. The parameter A/1, A.4j are in units of e®/2F of the perfaet lattice. 
It has been found from the computation that the variation of A^a does not 
change the values of those modes. However, the variation of ixAi changes the 
vibrational frequencies of the non-degenerate Ai mode but this variation does 
ijio.t affect the frequencies of doubly degenerate E mode. The variation of AA 
changes very much, the vibrational frequencies of E mode, however a small 
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variation of the frequencies of -^4^ mode is also observed. As expected the value 
of Ai48 comes out to bo negative if wo replace the cation by a lighter impui'ity 
and positive if we replace by a heavier impurity. In Tables 1, 2, 3 and 4, vj 
refer to the frequency of doubly degenerate E mode and V 2 non-degenerate 
Ai mode. 


Table 1. Local-mode frequencies of hydride ions in mixed (NaCl : K+H) 
system (in cm-^) 




AA in 

units of 

c 2/2F of NaCl 



A4i in 








A^ = - 

6-3 

AA =. 

- 6-6 

A^ = - 

-5*7 

Experimental 

units of 

12V of 

Vl 

va 

vi 

V2 

Vl 

^2 

Vl V2 

NaCl 

-0-3 

629-9 

703-1 

519-4 

697-8 

498-4 

692-6 


-0*5 

529-9 

697-8 

619-4 

692-0 

498-4 

682-1 

614-0 686-0 

-0-7 

6299 

692-6 

619-4 

682-1 

498-4 

676-9 


-0-9 

629-9 

687-3 

519-4 

676-9 

498-4 

671-5 


Table 2. 

Local -mode frequencies of hydride ions 

in mixed (RbBr : K+H) 

system (in cm~^) 







A4.1 in 


A.4 in 

units of 6^/2 F of RbBr 









Experimental 

units of 
12V of 

A^ - - 

-6-6 

A^ = 

-6-8 

AA = - 

-6-0 

Vl 

V2 

Vl 

V2 

Vl 

V2 

Vl V2 

RbBr 

-6-8 

448-3 

4120 

437-9 

406-6 

425-0 

401-7 


-^71 

448-3 

404-2 

437-9 

396-4 

426-0 

391-8 

443-0 388-0 

-7-4 

448-3 

393-9 

437-9 

388-7 

426-0 

383-6 


-7-7 

448-3 

386-1 

437-9 

378-3 

426-0 

373-2 


Table 3 

, Local-modo frequoncios of hydride ions 

in mixed (RbCl : K-f H) 

system (in cm'"^) 







AAi in 
units of 


A A in units of 6^/2 F of Kb Cl 



AA - 

-5-4 

AA = 

-6-6 

A^ = 

-6-8 

Experimental 

e-'/a V ot 






Vl V2 

RbCl 

n 

V2 

*'1 

V2 

Vl 

V2 

-6*6 

6080 

472-9 

497-6 

466-8 

483-4 

468-8 


-6*9 

508-0 

462-3 

497.6 

466-3 

483-4 

461-7 

403-0 432-0 

-7*2 

608-0 

466-3 

499-5 

448-3 

483-4 

441-2 


-7-5 

508-0 

444-7 

497-6 

437-7 

483-4 

434-0 
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Table 4. Local mode frequenciee of hydride ions in mixed (KBr : Bb+H) 
system (in cm"*) 


AA] in 
units of 
eJ/2Fof 
KBr 


A A in units of e*/2F of KBr 


Experimental 

AA 

= -6-7 

AA 

= -6-9 

AA 

= -6-1 

Vl 

V2 

>'1 

V2 

n 


Vl 

V2 

-2-8 

438-6 

616-3 

428-6 

611-9 

416-2 

608-6 



-31 

438-6 

608-6 

428-6 

601-9 

416-2 

498-6 










426-0 

494-0 

-3-4 

438-6 

601-9 

428-6 

496-3 

416-2 

488-6 



-37 

438-6 

491-9 

428-6 

488-6 

416-2 

481-9 




The computed results have been compared with the experimental results. 
Looking to the simplicity of the model, the results are quite satisfactory. Model 
can be further improved by considering the defect space consisting of H" ion 
and all its nearest neighbour. In that case the problem will be a little more 
complicated and one needs large number of Green functions. These calculations 
are in progress and will be communicated in due course of time. 
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Effect of doping density on the efficiency of a 
Schottky barrier solar cell 
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(Bajssthan) 

Roooivod 30 June 1978 

Abstract. It is known that tbe doping density greatly affects variotas para- 
meters such as the depletion regi<ni wndth, diffusion length, minority carrier 
life time, diode quality factor and mobility of the electrons of a Schottky 
barrier solar cell. All those factors play an important role in determining the 
efficiency of such a coll. Wo hafvo studied the variations of the short circuit 
current and efficiency of the cell with donor density. The interfacial layer 
thickness appears as a parameter m our calculations. The coll efficiency 
initially increases with the doping density and after attaining a maximum 
value starts decreasing. 

1. Introduction 

In recent years studies on Schottky barrier solar colls (SBSC’s) have increased 
considerably. One drawback with SBSC’s is that they give low open circuit 
voltage FqC- i® however improved (Slim and Ych 1976, Ponpon and Siffert. 

1976) when an insulating layer is present between the motal and the semiconduc- 
tor, The thickness of the interfacial layer 8 is not the only factor affecting the 
efidciency 57 of a SBSC. Doping density is also very important. We report here 
results based on a number of calculations incorporating the dependence of various 
factors like the minority carrier life time, diffusion length, depletion region 
width, resistivity of the sample and diode quality factor with doping density. 

2. Theory 

On illuminating a SBSC (Aw-ra Si system), a voltage F is developed, a part F< of 
which appears across the intorfacial layer while the rest F,(=F-Fi) appears 
across the depletion region of the semiconductor of width w. The total current 
through the device is given by 

I = Iph — + 

where len is the photogonorated current. Iph is given by (Anderson et ol 1974) 

IpH = e<l>(^l- 

where e is the electronic charge, <4 is the photon flux (numbor/cm%ec), « is the 
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4 ^^ 

absorption coefficient for Si and Lp(^\/Dprp) is the diffusion length of the 
minority carrier, Dp and Tp are the diffusion coefficient and minority carrier life 
time for holes respectiv'ely. 

In and Ifi are the dark current components due to electrons and holes res- 
pectively. Ih is given by (Sze 1969) 

where p^o is the equilibrium hole concentration in the bulk of the semiconductor, 
k is the Boltzmann’s constant. 

Using Strikha’s Theory (Strikha 1964) is given by 
J„ = A*T» exp ( - 4A’.V„/(4£,0/*,+3',e) [ exp ( ) -exp(- ) ] 


(4) 


where A* is Richardson’s constant, is the electric field in semiconductor across 
the boundary, <f>Bn is the barrier height, v is the effective recombination velocity 
in the depletion region, is mobility of electrons, Tf is the transmission 
coefficient for electrons (Strikha 1971) through the interfacial layer, which is 
usually taken as 1 in most of the papers. 

Taking into account the series resistance Rg (Dubey 1976) and the diode 
factor n, I is given by 

I = 1] (6) 


where 


n = 1 + 


Cgd 

etW 


, (eg and €< 9 ,re the permittivities of semiconductor and 


interfacial layer respectively). 


From equation (5), we can get short circuit current Igg (= V = 0), open 
circuit voltage V^e (== J = 0), Ymp (Voltage for maximum power), Ifnp (current 
for maximum power), fill factor -F’ (= fmp- V qc) and efficiency 

1=-^) of the cell. 


3. Results and discussion 


The donor density affects the minority carrier life time according to the relation 
(Fossum 1976). 


_ 3-9x10-* 
l+i\^n/iV^no 


where 7*1 X 10^® om~®. 


It is clear that increase ol Np decreases the minority carrier life time which in 
torn affects the short circuit current. Figure 1 shows that the short circuit 
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current remains almost constant upto the donor density 10«/cmS, but thereafter 
it decreases with No. One reason for this behaviour is the decrease in the minority 
carrier life time and diffusion length {Lp = ^/D^p) of the carriers. Another 
factor which is responsible for the decrease in short' circuit current is the decrease 
in the depletion region width w resulting in a decrease in the number of carriers 
generated in the depletion region. 



DONOR density NoCCm^) 

Figure 1. Variation of short circuit current of the SBSC with donor density 
for AMO illumination. 

In figure 2 we have shown variation of efficiency if of the SBSC. The graph 2 
shows the efficiency j; of the coll first increases with Np, it becomes maximum 
and thereafter it decreases with donor density. The primary reasons for increase 
in the efficiency are increase in the diode quality factor n and increase in the open 
circuit voltage. However, after lO'^/cm® the decrease in becomes stronger 
than increase in the diode quality factor and the open circuit voltage with No 
and this results in a decrease in the efficiency of the SBSC. At high doping the 
saturation current 7o becomes very large and this also gives rise to decrease 
in efficiency. 

Wo have not considered in our calculations the Schottky barrier lowering. 
It also affects the open circuit voltage at higher doping. The variation cf 
Dp, with Nd was taken from Si data Book (Wolf 1969). In our calculations, 
the graphs are obtained for Au, —n Si system with ^b„ = 0-8 eV, and the value 
for Pin for AMO sunlight is 136 mw/cm*. 
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0 

lo'^ lO'S |o'6 lo'^ lo'® lO'® 
DONOR density Nq CCni’j 

f igure 2. Variation of oflficieiioy of the SBSC with donor density for AMO 
illumination . 
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by electrical conductivity measurement 
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Abstract. Electrical conductivity of UaOe-a: bas been measui’cd in the tem- 
perature interval of 850 to 1276 K in air using tho four-probo technique. The 
plot of logarithum of conductivity versus reciprocal temperature during heating 
consists of two nearly parallel straight lines with a discontinuity in the tem- 
perature range of 1111-1190 K. In this temperature interval the conductivity 
is nearly constant, thereby showing tho existences of a biphasic region. During 
subsequent thermal cycling the samples do not show any discontinuity in 
conductivity. From the existing literature on UaOo_ar if is found that the two 
equilibrium phases in tho biphasic region are UaOo_x and 


1. Introduction 

A number of intermediate oxide phases exist between UOg and UOg, some of 
them are found to show several polymorphic forms (Cordfunko 1969). UgOg 
shows a high degree of rion-stoiehiomotry (Gronvold 1948, Randle and McDonald 
1948, Hockstra and Katz 1955, Sata 1955, Blackburn 1958, Ackormami and 
Chang 1973, Rachev 1964) and heiu^e, tho region extending from UOg eo 
is quite interesting. Regarding the composition of UgOg phase, there has been 
considerable differences of opinion. A variety of structures were reported by 
Kovba (1967) corrospondiug to the composition range UOg . 50 to Numer* 

ous studies of its nou-stoichiomctric structure and thermal and thermodynamic 
behaviour have been made by number of workers (Anderson 1958). Kiukkola 
(1962) obtained thermodynamic data by measuring tho electromotive force on 
galvanic cells at tompt^raturos 1073 to 1273 K and concluded that the lower 
composition limit of UgOg^a, is between 2*61 and 2*625. The composition of 
UgOg^a, phase, in general, lies in the range 2*60 to UOg ge?. The upper limit vf 
U3O3 appears to be the stoichiometric composition. 

Biltz and Muller (1957) found that as tho temperature increased above 
873 K, UgOg slowly began to loose oxygen at oxygen pressure of 0*1332 X 10^ N/w* 
until at 1653 K tho co’nposition was found to be UOg.g. Warde and Johnson 
(1955) also showed that UgOg lost oxygen above 863 K and converted to UOg 
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in the range 1423 to 1673 K. In recent years, there have been increasing 
evidences for the possibility of the existence of more thane one phase in the 
previously assumed single phase region of UaOg. 

The thormogravimetric and electrical conductivity studies on non-stoichio- 
metric UjOg^a. by Matsui et al (1974), in the temperature range 1038 < T < 1268 K 
and in the pressure interval 0*1013 X 10^ Nm~2 ^ POg < 0*1013 X 10® Nm-^ 
suggested the presence of six phases within UgOg-a; phase separated by second 
or higher order transitions in the composition range 0/U = 2*63 to 2*66. 

Ackermann et al (1973) previously assumed that UgOg region is homogeneous 
but recently they observed orthorhombic to hexagonal transition at 623 K; 
the hexagonal form being stable upto 1148 K. Another transformation from 
hexagonal to a pseudo-orthorhombic phase was reported to initiate above 1148 K 
which was found to be over at 1203 K (Ackermann et al 1977). At the same time, 
Dharwadkar and Chandrasokharaiah (1973), in their study on the thermal stability 
of UgOg^a; by micro-thermogravimetric measurements, reported a sharp phase 
transition from UgOg^g. to UgOgif^ phase between 1123 to 1223 K with rapid 
reversible oxygen loss. Similarly high temperature X-ray diffraction patterns 
above and below the transition temperature showed splitting and broadening 
of certain reflections. On thermal cycling these measurements showed hystersis 
(Dharwadkar 1975). Malinin and Tolmachen (1968) observed an enthalpy 
change of 400 cal. at 1143-1193 K by the differential thermal analysis (DTA). 

The electrical conductivity of the UgOg has been studied by many investi- 
gators (Le Blanc and Sachse 1930, 1931, George and Karkhanavala 1963, Singh 
and Karkhanavala 1966). Investigations on electrical conductivity made by 
Malsui and coworkers (1974) using four probe method showed changes in slopes 
corresponding to phase transitions. But the reversibility of these phases on 
thermal cycling is not clear from their work. 

Ishii and coworkers (1970) studied the electrical conductivity below and 
above 1125 K but they started with the phase They employed the 

electrical conductivity measurements for the study of the phase diagram of 
Uranium-oxygen system around UgOg region. Two transformations, one orthor- 
hombic to hexagonal and the other U 50 xg^_^ (please refer to following page) to 
UsOg^a; phase, were indicated from the log cr vs l/T plots obtained for different 
compofutions. 

From the above review of the electrical conductivity data, it is clear that 
the electrical conductivity was studied mostly upto the temperature of 1123 K. 
As in the recent years there have been increasing evidences of phase transitions 
(^ 1125 K) in UgOg, the present investigations were made to study these transi- 
tions and their reversibility. 
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2. Ezperimemtal 

UjOg powder (nuclear pure grade) was compacted to pellets of 16 mm diameter 
and 3 mm thickness at 155 kg/cm* and sintered in one atmosphere of oxygen 
for one week at 1200 K. UjOg pellets of 92"/o theoretical density and 0/U ratio 
2'667 were obtained. 

The four-probe method was used to measure the electrical conductivity 
of these specimens in air from 850 to 1275 K. Dtetails of the apparatus used 
have been described elsewhere (George imd Gopalakrishnan 1976). 

3. Results and discussions 

Typical temperature dependence of the electrical conductivity of a few samples 
in air is shown in figure 1 . The values as given in the plot t>n throe samples, are 



l^igwe 1. U308-U.0aiv. transformation during heating. 


found to agree weU within the limits of experimental 
independent region in all the three cases falls between 


error. The temperature 
1111-1190 K during the 
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heating cycle. Below and above this region, the activation energies are found 
to be 0-412 eV and 0-427 eV respectively. However, on thermal cycling the 
samples do not show the conductivity discontinuity as given in figure 2. During 



Figure 2. UaGe-UeOju.* transformation during the thermal cycling. 


the first heating the constant conductivity region is clearly soon; on (first) cooling 
this region is not sufficiently pronounced. On subsequent thermal cycling the 
conductivity does not seem to show this discontinuity. Th© activation energy 
for conductivity during thermal cycling is found to be 0-336 eV. 

The temperature region where discontinuity in conductivity is observed 
is in good agreement with the phase transition observed by micro-thermogravi- 
metric and X-ray diffraction study (Dharwadkar and Chandrasekharaiah 1975, 
Ackormann ei al 1977). The fact that in this temperature region conductivity 
is nearly constant, clearly shows that more than one phase coexists in equilibrium. 
Analyses of the existing literature (Ishii et al 1970) lead to the conclusion that 
these phases are UjOa^a. and UgOai+z. 
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Phase transition study 

Ishii ai (1970) studied from electrical conductivity measurement the 
phase transition of UgOai^* (they referred it as to UjO*., phose. It was 

found that their heating and cooling curves could not be superimposed due to 
the^ oxidation of Ug 02 i+* phase to the oxygen-rich U 30 g_jj physe during heating 
which once formed remains stable on cooling. On the other hand if the starting 
material is UgOg the same will loose oxygon in air on heating leading to the forma- 
tion of oxygen-deficient UgOgi+j. 

In the careful X-ray studies Ackermann et al (1977) and Dharwadkar (1976) 
have found that this transition is a reversible process. Dharwadkar et al. (1976( 
have shown that on heating the rate of oi^geii loss during the transition is much 
faster than the rate of oxygen pick-up during the reverse process of cooling. 
In the present electrical conductivity measurements, UgOg sample on heating 
shows a transition to an oxygen deficiont phase UgOgj+g. The oxygen deficient 
phase formed in this way can take oxygon during cooling process. But as the 
rate of gain of oxygen during cooling is slow which is clear from the thermo- 
gravimotric study, th.o extent to which Bt sample will readjust its composition 
homogenously upon cooling may be difficult to predict. 

One point should be noted here that in the present study, the electrical 
conductivity measurements are carried out on highly dense pellets (> 92% T.D.). 
While both the above groups of authors have carried out experiments on powder, 
it is prominently seen in our results that the transition induced in the oxide 
consequent to or subsequent to the loss of oxygen is not reversible. Hence, 
kinetics of oxygen diffusion in and out of the samples are totally different from 
that of powders used in other experiments. Hence, our results are not directly 
comparable with those obtained by the authors cited above. But if sufficient 
time is given for cooling the sample may recover the composition. 

Thus the phase tsansition observed in this study provides additional evidence 
regarding the existence of more than one phase in the previously assume d single 
phase region of UaOg. The mechanisms of these transitions, nevertheless, demands 
further investigations. 
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In recent years, it has boon shown by Sadananda and Marchinkowsld (1972, 
1973) that unlike screw dislocation could not pass eacli other duo to the formation 
of dipoles or mutipolos if it is assumed that tliey ant constrained not to cross slip 
by invoking. T]\eSe configurations have binni extonsividy observed in ordered 
alloys by Lakso and Marcinkoski (1909) and L(tamy at al (1969). Tlvo formation 
of these dipoles is lielpful in explaining tlie work l^ardening of ordc^red and dis- 
ordered single crystalline alloys. Tn tlio prostmt communication, wo deduce the 
formula for th(^ flow stress and the work hardening ooeffi^nent for the moded crystal 
with homogeneous ari ay of long screw dislocation dipole clusters. 

Here we consider a regular grid of scriw dislot; ation dipoles along the Z 
axis (Figure la). Two sucih dipoles are illustratwi in figure 11>. We define the 
flow stress tq as the ((Tyz) max. 

T}\o distance d between the dipoles is equal to wlutre t(a) is the density 

of dipol(^s (dipole clusters). 

For the isotropic case and 45° (equilibrium configuration (p - 1.5&), the stress 
component of the screw dipole given by Gilra (1977) is 

<r„, = —D (cos 2^-8in 2<f>) C) 

whore D—^,Ois the shear moflulus and p == Vx^+y^ 

27r 

For y = dl2, p, = p, and the sum of the stres.ses coming from both 

the dipoles is 
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Figure 1(a) Regular grid of screw dislocation dipoles along z axis 
(b) Two screw dislocation dipoles 
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Thus To = ((Ty,) max = klla) 

7T 


( 3 ) 


By taking approximation of these (configuration (dusters by super configuration, 
valid for p > id, we obtain 


To 


20bn 


7T 


ht(a) 


( 4 ) 


whore n is the order of the super configuration. For any array, the following 
expressions are obtained. 


dro 

dn 



( 6 ) 


and 


= LbN 
dn 


( 0 ) 


wh(^re L d, is tlu^ nu^an path of screw dislo(cation and N — t{a) is the 
density of obstacles. 

Therefore, work hardening (coofficiont (0) is given as 

= ^ = ‘^1 ht(a) (7) 

da n 

Thus, the changt^ of th,o work l\ardening (coefficient d(^ponda directly on the change 
of th.e number of dipoles or dipole clust(?rs / along the stress-strain curve. 
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Hall effect and theinioeloc trie -power nieasuronients find their great interefit in 
determining whether the material is p- or w-type, the number of current carriers 
and carrier mobility. 

Hall (effect of antimony tritelluride polyerystals was previously measured 
(Parrott 1960, Eichler 1964, Li<‘be 1965) indicating a jt>-type (jonduotion mechanism. 
On the other hand, Levt* (1965) invisstigattHl th(^ H-ill effect on single crystal 
sptKumon perpindicular to the (c) axis up to 160®C. Values of 9 X 10“^ cm®/amp.aec, 
8.3x 10^®/o.c. and 380 cm^/V-aec. wore also given for Hall coefficient, carrier 
concentiaion and Hall mobility respectively. 

With regard to the thermoelectric-power ndativcly few authors (Liobo 
1965, Hiken 1910, Ronnlund 1965) investigatiKl tliis property. Jt was found to 
decrease strongly with the height of the interery stall ine barriers and surfaces states 
(Tyushov 1976). 

The aim of the present work was to evaluate the Hall offec;t and tho thermo- 
electric! behaviour of stoichiomotrically adjusted antimony tritelluride in conti- 
nuation with other physical measurements (Haiiafi 1975, Alzewel 1975), a problem 
which has not yet been tackled before in detail. 

Stoichiometric antimony tritelluride jvas freshly prepared by the master 
alloying technique (neutralization of the excess component) under vacuum (10~*nim 
Hg). The correct stoichiometry^ was controlkid by both chemical and X-ray 
analyses. Thin films on glass substratti and rectangular blocks of the obtained 
sample were made and kept in vacuum dessicator for the purpose of Hall effect 
and thermoelectric -power measurements. 

Moasuren louts of Hill (effect was porformt^d on thin film due to tho very low 
resistivity (2xl0~^), (Black 1957) of this compound and on rectangular blocks 
(1.6 cm X 0.4 cm X 0.13 cm) of tho investigated specimen (prepared by pressing at 
0.6 ton/cm^l. D.C. current, supplied from dry battery was used. All potentials 
were measured by means of Kg-potentiometer (Leeds and Ngrthrup type), connected 
to a moving scale galvanometer (Carl Zeiss Jena type) of sensitivity 10*"® volt. 

m 
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T}xe oxporimontal arraiigtanont and niuaMuing tcchuiqno of tho thenuoolo(t- 
tric power was that previously (l(‘vist*d by Andrews (1974) with jnodifioation 
and were carried oul in the teniX3(^rature range of up to 30trC. 

The abov(i jneasuromonts wcu; repi^atisl tinuss in order to attain <i 

reliable and reproducible data. 

The Hall (toollieieni Rjj jn enf*/ Ooloumb is e.alciilivted from the r(‘lation 

Rij- WYntlllJ 

where \ h the measi-.red Hall Nolujige in vulis, / lie IhiekiietiS in cm., H llu 
iiiaguetic field in gauss and / tlu c urivnil m aiux>ores. 

Figs. (1 and U) show tj\e oblaiued Hall vc»ltage V h (/< i ) against eurrent l^rn V 
at diflerout luagiie^lie Mieiigllts lor liu coiiixm-.Mc'd hx^rcinu ii and tliin lilm hX)eeirnrii 
rosxDectively. It is rlear that a liiirai relation foj- the changes of {V h) values as a 



Hall voltage Vpj against the current I of 
antimony tntellunde disc at different magnetic ^ 
field H. 


Figure 1. 

function of onrroni (/) was obtained. Tho poBitive sign of tho Hall coefficient 
Rb was deterniintid from tho polarities of I, H and Vr- This indicates that the 
positive holes are the predominant charge carriers in this semiconductor. Thus, 
the material possesses a ^-tj'pe conduction mechanism in conformity with that 
previously given by Parrott aaid Penn (1960). 
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Tho falculat<Hl vah'.c of Kg for tlic compressed specimen is 8.0XlO~®cm/* 
cojomnb. 



Hall voltage against the magnetic field H of 
antimony tritelluride thin film at a current of 0D9 mA, 

Figure 2. 


Th<^ inunbcr of currc^nt carricis can be dotennined using the following relation 


where e is the electron chaige —1 .6 X 10"^® eolournb and A is taken 37r/8. A valiKt 
of 2 X 10^®/c*.c. is evaluated for the number of charge (*aiTi(*trs wb.ich. is r(Jativel 3 ^ 
small in comparison with that previously given (Black ft al 1957) (l()^®/c.c.). 

TIu' calculation of hole mobility (//) is done using /ip ~ 0.5RhI/(, where p is 
the sjHHjific resistivity. This lesult^xi in a value of bOcm^/V-sec. 

Thus, the difhtn^nces betw(fen t];o number of current carriers ( 71 ) and thoir 
mobility (//) presented by different authors including tho8c^ obtained in tJ»o present 
work may bcf attiibuted to difference in exact stoicl\iometry and /or origin, nature 
and previous thermal history of the specimens prepared by the different authors. 

The temperature dependence of the thermoelectric power (/i.VjK) 

is shown in Fig. (3) from which it can be seen that tJ’.ere is a discontinuity in 
the curve at 420‘"K wliiclx is the knee temperature in the log c vs IjT relation 
(Alzewel et <d, 1975). This is in good conformity with similar observation as pre- 
viously made by Anderson (1960) on cuprous oxide. 

It was stated that in this compound, the concentration of holes is small and 
the p-type e.m.f. slightly changes on firing (Kokosh 1960). Doner impurities 
first of all lower the concentration of holes and increase the positive thermal 
e.m.f. If the diffusion of impurity is sufficient, the thermoelectric (Kokosh 
1960) power rapidly decreases. Tho same author found that the thermal om.f. 
and number of current carriers for antimony tritolluiide are higher when excess 
tellurium metal is present in combination with antimony tritelluride. Accordin^jy, 
we czn attribute the diffei*enco between the various author values including 
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ours to the presonce of different concentrations of excess tellurium. The present 
value is the least one indicating the least concentration of excess tellurium and 
hence the most stoichiometric prepared one. 



The thermoelectric power of antimony 
triteiluride as a function of temperature. 


Figure 3. 

Since the prepared material possesses a considerable thermoelectric power 
along with very low electrical resistivity, it can be used as thermoi.loments in 
industry up to 300°C without deterioration. 
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no condition (1962). Therefore the possible space group assigned to the sample 
is or Pmmit or Ptnmm- 
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A conaiderablo amount of work on the magnetic behaviour of the hydrated salts 
of nickel have been carried out (Krishnan et al 1933, Jirishnan and Mookherji 
1938, Bose 1948, Guha 1961, Bose et al 1958, Breisch and Trommer 1937, Kiss 
et al 1941, Owen et al 1967, Haotmann and Muller 1968, Mookherji and Chhonkar 
1960). The results so obtained reveal that magnetic and optical behaviour of 
Ni*^ ion in crystals may be explained in several details by assuming the Ni++ ion 
in crystals to be under the influence of a strong and generally asymmetric crys- 
talline electric field, arising out of the charges immediately surrounding the Ni++ 
ion as well as from the direct and induced effects of the charges outside this primary 
cluster. Under the influence pf such a ligaoid field the gjround state of Ni++(3F) 
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aplita into a ainglot and two triplets witJx the increasing order t)f energy. The 
next higher state 3p with tlio same parity lies at ahout lf>840 om-» (Owen 1966) 
above it (Fig. 1 ). 


EKi£R&YLEVEUS- NC ’^loM 
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Figure 1. 


Leilier and Ballhauaon (1969), Owen et nl (1967) and Englman (1961) theo- 
retically tn^ated the absorption spectra of Ni++ ions in crystals and found that 
the number of levels, their relative separations and their intensities an* in good 
accord with that what one should expect to occur with a crystal field of cubic 
symmetry. One tlirect consequence of such a cid)ic field will mean complete 
magnetic isotropy of the water cluster surrounding the Ni++ ion, but this is not 
supported by the ex|M>rimental findings of Krishnan and Mookliorji (1938), Bose 
et al (1968) and by our results also on the nickel ion in single crystals. Recently 
Bose and Chatterji (1963) have explained theoretically the absorption spcHjtra of 
Mooklrerji and Chhonkar (1960) by taking the Ni^ ' i(jn under the influence of a 
crystal field of predominantly cubic in symmetry on which a small orthorhombic 
component and spin-orbit colliding were superimposed. 

Therefore, in nickel Tutton salts, one should consider the nickel ion under 
the influence of a tetragonally distorted octahedral crystal field. One should 
obtain at least five absorption iieaks in the visible and near infrared region. 
Mookhorji and Chhonkar (1960) and Dreisch and Trommer (1937) have shown 
that the nickel salt crystals have three absorption maxima in the visible region 
centered at about 0.395, 0.650, and 0.720/tt respectively. Low (1968) has obtained 
four absorption maxima in case of Ni’*”*' ion in a crystal of MgO, three in the visible 
region and one broad band in the near infrared region. In our case we observed 
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four absorption maxima in the diluted crystals of Nickel Tutton salts (Fig. 2) 
but as we increast* the dilution of the nickel ion in crystals by solid dilution the 
resolution increases and wo observed five absorption maxima in the visible and 
near infrared region centered at about 0.394, 0.660, 0.720, 1.125, and 1.270/< 
respectively (Mathur and Daryan 1978) (Pigs 3-4). 


A* nTK2(So4. >2,6^20 
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Figure 2. 
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Further work on the experimental calculations on the absorption spectra of 
nickel ion is in progress. Here, following Owen’s (1965) energy expressions for 
the different energy levels in case of nickel ion we calculate the different crystal 
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field paramoterti and the ell'oet oi Kolid dilution on them. In the present studies 
the nickel ion salts are not purely ionic bocauso a nmgh estimate shows that the 

Nl S04 GHjO 

M9So^fNH^)2So^.SH20 
0.5 A >20.132 8 


a4 



Figure 4 

uovaloncy factor is always loss than unity and it clianges with dilution. From 
our optical data wo calculato tho magnotic anisotropy, niagnotic moment and 
sj)litting factor for difforont crystals at dilforont dilution. A rougli estimate 
shows that tlxoso measured values are in good agreement with the directly measured 
values by the magnetic measuroinonts (1948). Details will be published soon. 
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A considerable work has been carried out on the coloured oxides such as CoO, 
NiO, CdO in trying to explain the case of the variation in colours of the differently 
prepared oxides. 

Lo Blanc et al (1930) attributed the variation in colour of nickel oxide to the 
presence of oxygen. Baliatnagar (1934), Foox (1949), Kutsiva (1961) and Shirakov 
(1961) on measuring the magnetic susceptibility of nickel oxide prepared by dif- 
ferent methods attributed the variation in the colour of the oxide to either excess 
of nickel ions or to absorbed oxygon. 

X-ray study of nickel oxide was done by Yasiunitsu (1948, 1954), Francois 
(1950) and Tourky et al (1970). All the previous authors found that the only 
difforonco in the diffraction patterns of the different coloured oxides is tJie increase 
of line broadening j^assbig from grvon to black. Francois attributed the diffor- 
enoo in colour to difference in particle size while Tourky attributed it to micro- 
strain. No quantitative determination of the particle size and strain was cairied 
out by these autliors, and it is the aim of this work to determine quantitatively 
by precise methods the values of particle size and strain in order to find out the 
reason for the difference of colours. 

Four samples of NiO were prepared by heating Nickel carbonate in air at 
500^, 650°, 800° and ]000°C for three hours each. The colour of the obtained 
compound passes from black to green. X-ray diffraction of the four samples 
showed that the compound is NiO, and that the only difference between the patterns 
is the lino broademing. Spectroscopic analysis showed that all forms passes the 
same traces (in p.p.m) of impurities. Four reflections were chosen to study 
their line profiles namely (111), (222), (200), (400). A Seifert diffactometer was 
used to record the i>rofile of reflections using low speed of scanning (10 cm for 1° 
of 9). The sample prepared at 1000°C was considered as a strain free sample 
containing no broadening due to small particle size, from which the instrumental 
broadening was determined. The breadth of the diffracted linos was determined 
using two methods, the variance (Wilson 1962) and the Fourier analysis (Warren 
and Averbach 1950). 
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X-ray study of nickel oxide 

a. Variance method 

Aooording W^nor (1966) the true variance is the sum of the particle size 
variance and the strain variance 


W(29) cos e 
AA2(? 


1 


4-4<e>s 


Bin 8 tan 0 




The true variance (W(2d)) is the difference between the variance of the observed 
intensity WJ^ and the aberration function Wg. 

Fig. 1 sliows the relation between W(2d) cos and sin 0 tan <?/AA2f> 

for the two zones [111] and [100] of all oxides. Table 1. gives the calculated 
particle size D{hkl) and mean strain <e>. The calculations were performed 
on the computer ICL 1905 using a programme written by the author. 



Table 1 


Temp, of 
preparation 

dA 

[111] [100] 

[111] 

cxlO» 

[100] 

600®C 

110 

130 

5.40 

4.30 

650°C 

181 

190 

2.1 

1.91 

800®C 

540 

600 

0.43 

0.89 


12 
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b. Fourier Analysis 

As sliown by Warroii ( 1958 ), tHo profile of a powder pattern pefl^k corrected 
for instrumental broadening can bo expressed in terms of a Fourier series. 

oo 

p'(«) = K'^ Cn exp [— 27 rim» 3 («— 6 ‘o)] 

for cubic crystals we have 

In A(L) In AP^(L}--hQ\2nW\<:€i:^> ~ <:e>^)/a^] 

If the Fourier coefficient A(L) are plotted on a semi-log paper as a function of 
hf^ a straight line is obtaintxl for elastically isotropic materials. For anisotropic 
material one can, only use the different orders of reflections from the same zone. 
The intercepts of the A{L) vs curves are equal to the particle size coefficients 
Ap^(L). If these are plotted as a function of I/, the initial slope of the Ap^L) 
vs. L curve is a direct measure of the particle size Z). 




Figure 2. 



467 


X^ray study of nickel oxide 

A programme was written by the author to determine the Fourier coefficient 
and correct it for instrumonta] broadening according stokes (1948). Examples 
of the curves obtained from which the effective particle size and root rnean squared 
strain are determined are showi in Figs 2, 3. 



Figure 3, 

Results are given in Table 2. 

As the lattice defects affect the lattice constants, they were measured from 
the high order reflections and are given in Table 3. The density which must be 
taken into consideration is also measured for the different oxides (Table 3). 
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It was shown by Haldor and Mit^a (19bS) and GuiUiatt and Brett (1970) 
that the variance method of analysis gives results very olose to Fourier analysis. 
However some differences are found in the present results between the two methods. 


Table 2 


Temp, of 
preparation 

Dk 

[111] [100] 

exlO» 

[111] [100] 

600°C 

105 

140 

4.2 

3.9 

660®C 

158 

160 

1.8 

1.2 

SOO^C 

500 

720 

0.45 

0.40 


Table 3 


Temp, of 
preparation 

ak 

pgm/om’^ 

500*^0 

4.1708 

5.803 

660°C 

4.172S 

6.170 

800°C 

4.1764 

6.428 

lOOO^C 

4.1767 

6.666 


The values of particle size (Tables 1, 2) increase as the temperature of pre- 
paration increases. This result is expected as it is known that crystals grow 
bigger at high temperatures. The values of strain decrease as the temperature 
of preparation increases. This is also expected as it means that the lattice growing 
at higher temperatures is more perfect. But it is shown that the difference between 
the particle size of the black oxide (prepared at 500®C) and the grey oxide (pre- 
pared at 660^0) is much smaller than the difference in strain. This loads to the 
conclusion that the variation in colour of the different oxides is most probably 
due to variation in strain. The small variation in unit cell dimension, compared 
to density variation indicates that the defect present is Nickel vacancies. This 
conclusion agrees with the observation of Deren et al (1961) of change of colour 
from black to green with decrease of oxygen. The values of a and p approach 
the theoretiojal values (a «= 4.1769 and p = 6.67gm/om*) at 1000®C. This 
indicates that the ^raen oxide prepared at lOOO^C is the stoicl^iometric one. 
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A literature survey shows that, no work has boon done on tho compound ZnY 204 . 
Wo have iindertakon this study as it was expected that this compound would 
crystallize in ZnFe 204 structure (Bradburn and Rigby 1963) (spinel) as Y+® ions 
have ionic radii (Goldschmidt 1927) suitable (Romoign 1953) for spinel lattice. 

Tho compound has been prepared by intimately mixing together the two 
reacting oxides of AR grade in equimolecular proportions and then was heated 
in a platinum boat in an electrically operated furnace at 12(X)°C for 80 hours in 
air. The compound was then slowly cooled in a furnace. 

The formation of compound was chocked by X-ray diffractometer using 
filtered chromium radiation. All the lines show a single phase. Our crystallo- 
graphic data are included in Table 1. This data has been analysed. It showed 
that the crystal system is neither a cubic nor a tetragonal. Only the data fits 
well to orthorhombic coll. Indexing has been done by the method described 
by Henry et al (1961). The cell dimensions a, b, c are 7*86±0*01 A, and 9*03 
iO'Ol A respectively, with face-centered Bravais lattice, 
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Table 1. Crystallographic data of ZnYa 04 


d obs 

(ini) 

d oal 
(in 1) 

h k 1 


3096 

3-096 

0 2 2 


2-960 

2-960 

2 0 2 


2-888 

2-888 

2 2 0 


2-566 

2-562 

13 1 


2-145 

2-134 

0 4 0 


1-831 

1-873 

2 4 0 


1-761 

1-774 

4 2 0 


1-649 

1-649 

0 4 4 


1-616 

1-623 

6 1 1 


1-431 

1-441 

2 4 4 


1-390 

1-398 

4 2 4 



a = 7-86±001 A 
6 = 8-63±001 A 
c = 901±0-01 A 


The compound crystallize in an orthorhombic structure and not in spinel 
lattice which may be due to large difference of electronegativities of Y+® and 
Pe+* ions. 
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Tho crystal structure of the title compound was investigated as part of a larger 
programme of studying hydrogen bonded crystalline solids and oxygen ligands 
around metal. 
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Electron paramagnetic resonance of 


Crystal Data : Monoclinic with a = 16-48, 6 = 11-48 and 0 = 7-621, 
y? = 91•3^ Doi^s = 162, Deal -- 1*67, Z = 4, spacn- group Cc or C'2/c. Ce is ruled 
out fiom structures aiialy.siH. 604 reflexions wore colleet^sd by Weissenberg 
phot(jgraphy intensities estimated visually and data processed in the usual 
manner. 


Crystal Structure : The structure was solved by heavy-atom tei^hiiiquo, 
Ca-atoni occupying special position on two-foJd axes. A view of the structure 
looking down |001] is given in figure 1. The nurial is 6-fold co-ordinated, average 
metal oxygen distance lading (2-0() A) as normally found for Oa-0 linkages. The 


geometry of the salicylati^ anion is normal. Apart from metal-oxygon ionic 
linkagi^s tho water moleciule provides hydrogen bonding in the structure, hydrogen 
bonds being 2-87 1 and 2-88 A. Further work to refine thi' stcucture by loast- 
sqiiares analysis is in progress. 
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Electron paramagnetic resonance of in RbH3(Se08)2 

single crystals 
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Kanpur-208 016, CJ.P. 
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Rubidium trihydrogen selenite, RbH 3 (Se 03 ) 2 , belongs to the family of alkali 
trihydrogen selenite whose properties are under intense study at the present 
time. Rubidium trihydrogen selenite is an improper ferroelectric (Gladkii et cd 
1976a, 1976b, 1977) which undergoes a phase transition of the first kind, close 
to a transition of second kind (Gladkii et cU 1976a), at Te — 163 K. At phase 
transition, symmetry undergoes a change from ^ 2 , 222 , to P2i and the length 
of the unit cell doubles along tho c axis, and the spontaneous polarization appears 
along the 6 avia (Aknazarov et al 1976). This compound, due to its interesting 
properties, has been subjected to various physical investigations by many workers 
(Shuvalov et al 1970, Ivanov et al 1971, Gesi et al 1973, Gufan and Shuvalov 
1976, Shuvalov et cd 1976, Sannikov and Levanyuk 1977, Fitgerland and Grimm 
1977). Sergeev and Falaleov (1976) observed tho electron paramagnetic resonance 
(EPR) of y-irradiated RbHg(SeO,)a single crystals. Theii- study has shown a 
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lino splitting below the Curie point. Previously, we have studied the EPR of 
Mn^+ in RbH3(Se03)2 (Jain and Venkateswarlu 1978) single crystals. We have 
extended our studies to doped rubidium trihydrogen selenite single crytstals. 
In this paper we report our initial results which indicate that the can be 

incorporated into the crystal at specific sites. We have determined the spin- 
Hamiltonian parameters from the observed spectra. 

The crystal structure of RbH3(Se03)2 in the paraeloctric phase is orthorhom- 
bic with four formula units per unit cell (Torbis et al 1972, Tellgren et al 1973, 
Aknazarov et al 1976). The space group is Dg ^ The lattice constants 

(Tellgren et al 1973) are : a 5-9192 A, 6 = 17-9606 A, and c = 6-2619 A. The 
rubidium ion in the lattice is surrounded by eight oxygen atoms forming a dis- 
torted cube. The Rb'^-0 distances are between 2-934 A and 3-192 A. The 
unequal O-Rb-0 angle ranging from 61*22° to 94-54°. 

Single crystals of RbH3(Se03)2 doped with VO^'*' were grown at 283 K by 
slow evaporation of an aqueous solution of one mole of Rb2C08 and four moles 
of Se02 to which vanadyl sulfate (0*5% by weight) was added. The RbHg 
(8003)2 : VO®+ crystals have poor facets. The crystals grow very slowly and 
took about two to three months. A Varian V-4602 EPR spectrometer with a 
9-inch magnet and 100 kHz field modulation was used to record the spectra. 
As a reference for magnetic field strength, the resonance line of DPPH with 
g = 2*0086 was used. 

The EPR signal consisted of a number of overlapping angular dependent 
eight line hyperfine patterns, each produced by ions located at a specific site. 
These eight line patterns result from the hyperfine coupling of a single unpaired 
electron with a (99*8% abundant, I == 7/2) nucleus. At least three chemically 
different sites having differing intensities were observed. In addition, for an 
arbitrary orientation of the crystal, there are four magnetically inequivalent 
orientations which become equivalent in pairs, when the magnetic field is in the 
ac plane away from the axes. Finally when the field is along the crystallographic 
axes all symmetry related sites become magnetically equivalent. Nevertheless, 
in these directions three distinct hyperfine patterns of differing intensities were 
observed, corresponding to three chemically distinct sites. Multiple sites have 
frequently been observed in doped materials previously (Borcherts and 

Kikuohi 1964, Pandey and Venkateswarlu 1975, Jain and Srinivasan 1977, 
Kohin et al 1978, Jain 1970). 

The VO®+ EPR spectra could be analysed using the usual spin-Hamiltonian 
for an orbitally non-degenerate electron; 

H - fiS.gM+hcS.AJ, 

where the hyperfine tensor A is measured in units of cm~^, and the other terms 
have their usual meaning. The quadrupole and nuclear Zeeman interactions 
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are ignored, as these terms are sufficiently small to be neglected. Within the 
accuracy of the experiment, both g and hyperfine tensors were found to be nearly 
axially symmetric, permitting use of the perturbation theory results lii'st given 
by Bleaney (1951). His expression for the magnetic field position Bm for the 
wth hyperfine line is 

L V -r ; ; - 


8 ^ 


Here, jB* is the klystron frequency expressed in Gauss ( Bk 


hv\ 

gfl) 


g is 


the 


effective g factor (g^ — g^\^ cos‘-* 0), and a -== is the effective 

0 

hyperfine splitting in Gauss (a,|,x are similarly defined in terms of ^ii,^ the 
hyperfine tensor components), where g^A^ ~ g^{^A\\^ 0+g^^Aj^ 0. The 

electronic transition occurs between the states M — \ with the nuclear 
quantum number m fixed. 0 Is the angle between the external magnetic field 
and the symmetry axis (z axis). 


Values for the Hamiltonian parameters can most conveniently be obtained 
by observing a given hyperfine pattern and rotating the crystal until the splitting 
is maximized. This correspond to the axial direction as I ] > | | . The per- 

pendicular components of g and A tensors can then be determined by rotating 
the crystal in a plane perpendicular to the symmetry axis (z axis). All spectra 
were observed to be axially symmetric within the experimental error. In their 
pioneering work on ions, Borcherts and Kikuchi (1904) carefully analysed 

the very small departure from axial symmetry in doped Zn Tutton salts, 

howtiver, our line widths (~ 20 Gauss) prevent the great precision required in 
observing these deviations. Previous woik has, in general, showii axial symmetry 
in the spin- Hamiltonian parameters. 


Table 1. Spiii-Harailionian parameters for ions in RbH 3 {So 03 )a at 

298 K. A values are in units of 


Parameters 

Site I 

Site 11 

Site III 

ffil 

1-920±0 002 

l-926i0002 

1-923 ±0-002 

(7JL 

l-974±0-002 

l-988db 0-004 

l*990±0-004 

An 

177i:005 

174-7±2 

173±2 


70-3±l 

71±3 

78±3 

Belative Intensity 

14 

6 

2 


13 
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The Hamiltonian parameters observed for all throe sites are given in Table 1. 
We wore unable to determine the orientations of g and A tensors relative to crys- 
tallographic axes due to the poor facets of the crystals. Therefore, no attempt 
at present could bo made to correlate the known metal-oxygen directions with 
V-O bond directions. It is seen from the table that the principal values of g 
and A ten8<)rs are approximately what one would expect for a centre. A 

calculation of the constants P {P = > , is the direct dipolar term 

and accounts for the dipole-dipole interaction of the electron moment and nuclear 
moment) and x (Fermi contact term) using the equations given by Kivelson and 
Lee (1964) and spin- Hamiltonian parameters of Table 1 yielded P == 113*0x 10“^ 
cin”*^ and x = 0*84 for RbH 3 (Se 03)2 : VO^+. 

EPR experiments were also carried out at low temperatures through the 
phase transition temperature of RbH 3 (Se 03 ) 2 . But there was no appreciable 
change in the spectrum. 
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In apito of tho fa(’,t tliat alkali Uyclrido ory^talB appoai* to l)o qnito simple chornioal 
compounds, it has boon possible only to obtain a meagre^ oxporimontal informa- 
tion regarding thoir vari()US ptiysical projDortkss owing to Uioir rozaotivo natttre. 
This is preciisely tho reason why tho theoretical estiniat<’>s of varioiis properties 
of theSo hy<lrid<^ is done, fn this tlirection ellbrts have alrtvady been nia.de by 
Varshni and Slutkla (1963), Dass and Saxona (1965a, b, 1970), Thakiir and Sarkar 
(1975) and Bass and Kachhava (1977). 

Tho usual form of roprivsonting the intor-ionie potential in the molecular 

state is : 

<l>[r)^^+V(r). ( 1 ) 


where ^(r) i>s the interaction energy beiwt^en tw(^ ions soparate.d by a distances r, 
-^e tile electronic (rhargi^ and V(r) is the overlap term. Th.is term usually involves 
two potential paramoU»r.s. In this note, we have uS(kI the overlap term F(r) 
of the form : 

V{r) - . (2) 

for calctilating tlio valuos of rotatimial constant Xe, tJw vil)rational constant 
and tho binding onorgy Th of various alkali hydrido niolooulos. 

It is interesting to note that a similar ovorlap term was used by Goyal and 
Shankar (1972) for determining tho coJiesive energy of alkali halide crystals and 
their results agreed with the corresponding exp<irimontal values to within 5%. 

The two potential parameters A and k involvwl in the overlap term V(r) 
can be determined from the equilibrium conditions and the knowlisige of the force 
constants as illustrated by Herzberg (1956). 

Utilizing well known relations (Varshni and Shukla 1967) the values of a*, 
oeiCe and 2>< have been compuhd for various alkali hydrido molwules. These 
values have been listed in Table 1. Experimental values of various molecular 
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conatanta like ie, U, /i, Be, w®, a^, oyeXe and D< for different alkali hydride mole- 
cules have been taken from Gray (1972). 

For our investigation a aimplifiod two term potential function comprising 
only the Coulomb and the overlap term has been selected due to the simple 
reason that alkali hydride molecules possess NaCl type of symmetric structure 
for which tlie Van dor Waals and polarization forces can be neglected. 

Further, the inclusion of those two forces (due to nonavailability of correct 
experimental values of polarizability in the molecular environment and hence 
of Van der Waals constant) may lead to distorted results. This fact is amply 
demonstrated in the calculation of ae and m^Xe for Rittnor and VS-I potentials 
(!Dass 1976) where ])oth the abov<5 mentioned forces are included in the inter- 
action. The results of those calculations are highly unsatisfactory. 

The values of a<j obtained in the present study for various molecules have been 
found to be inorts satisfa(;tory than for th6 Bom-Mayer (1932), Rittnor (1661) 
and VS-I (Varsluii and Shukla 1961) and VS-II (Varshni and Shukla 1963) 
potentials. Tiie values ot cjeXe lor the potential considered in this note are 
sup(irior to those calcidated by Gohcl (1970) for a three parameter modified 
Rittnor potential function. For tlie values of liowevor, our potential is only 
sux)erior to VS-II, but the va'hies of Di for the other two potential energy func- 
tions too do not agree with the corresponding experimental values completely 
though this dLsagreemont being only within 10%. In our case also the disagree- 
ment is of the same order. 
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An interesting phonon lenoii in nickel oxide in the sign reverHal of tho Hall mobility 
(/^h) about OOOK (T^)- Thisnign reversal of /in as reported by Bosman, van 
Baal and Kimvors (1965) did not reflect itself in the resistivity and Seeback 
coefficient. They studied tho Hall mobility and the resistivity as functions of 
tho concentration of Lithium dopant and temperature. Tho experiments wore 
performed on polyccrstalline samples under atmosplieric pressure. Tho most 
remarkable feature of this experiment is that the sign reversal temperature of 
the Hall mobility is more or loss the same for all the four samples having different 
dopant concentrations. 

More recently Friedman et al (1976) have studied resistivity of single crystals 
of NiO at different oxygen partial pressures as a function of temperature. The 
increase in oxygen partial pressure is in a way equivalent to tho presence of Li 
acceptors. The sign reversal of the Hall mobility was also observed in this case 
but contrary to the observation of van Daa] and Bosnian (1967) with different 
Li dopant concentrations, Tg was found to be higher at lower oxygen 
pressure. 

Be Wit (1972) has attempted to explain the sign reversal of the Hall mobility 
in terms of the existence of w-type inclusions in the matrix of NiO by an exten- 
sion of tho theory of Airapetiants (1968). Tt was thus possible to explain quali- 
tatively the sign Jt^versal in the Hall mobility. Tlie near independence of T 
with respect to the dopant concentration, hoAvover, cjould not be explained. 
Friedman et al (1975) tried to explain unsuccessfully the variation of T* with, 
oxygen partial pressure in terms of two types of carriers. 

In this note wo have attemptiKl to explain qualitatively the above mentioned 
features of Tg in terms of the concept of the existence of ii-type inclusions, NiO 
being a p-type semiconductor. In the experiment of Van Baal and Boaman 
(1967), Li dopant introduces holes so that the resistivity should decrease with 
increase in Li concentration. This is actually observed for the four samples 
studied. However, a very small amount of w-typo inclusions in the matri35i of 
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NiO will affect the Hall mobility arid it haa been shown that sign rovex*aal ia 
poaaiblo by this mechanism and ia moat likely when erm == ert^ cTm o'i being 
the conductivity of the matrix and mcluaiona respectively. 

Tn view of the exporimontal observationH and the above montionod points 
we suggest that Li used as dopant may contain a small amount of impitfity which 
effectively increases n-typo inclusions. The Li dopant will introduce holes and 
its effects will be counteracted by the M-type inclusions introduced by impuritiesl. 
It may be aruged that the pincontage of dopant in the first place is very small 
and the percentage of the inclusions introdmc(^d by impurities in tlxe dopant will 
be insignificant. However, it is known tha^ less than 0-1 at % of Li can lower 
the resistivity of NiO by five orders in magnitude. Therefore, a very small 
concentration of inclusions duo to the introduction of the dopant may have a 
drastic effect. 

From the formulae given by do Wit (1972) we have calculated for the 
different samples, at throe tomporatiiros. At low temperatures, cr-valueS obtained 
by van Daal and Bosnian (1967) were supposed to be duo to holes only, the inclu- 
sions being more effective at the higher temperatures. The values of cTi for the 
four samples are shown in Table 1. 

Although these values of (T{ are not likely to be quantitatively satisfactory, 
a few conclusions may however be drawn from them. At T Tjf, the Neel 
temperature, the at values increase mouotonically with the increase in Li oon- 


Table 1. Results obtained from different samples of NiO studied. 


Temperature 

Sample 

Li (at %) 

(r< 

Conclusion 

Tn 

IV 

< 0 001 

0*0140 

or,(rV)<(r,(I) 

(523K) 

I 

0005 

0*0188 

< (IT) 


n 

001 

0*0281 

< (Tj (m) 


m 

0*09 

0*8140 


Turning Point 

IV 

< 0 001 

0*0631 

(T, (IV) > <r,(I) 

(600K) 

1 

0005 

0*0398 

<r,(rv) =<ri(n) 


II 

001 

0*0031 

o-,(IV) <<r,(in) 


III 

009 

15*8495 


800K 

IV 

< 0*001 

3*8531 

<r,(lV) >«r,(I) 


I 

0*006 

0*2669 

<r«(IV) > <ri(n) 


u 

0*01 

0*8603 

(Ti (IV) < «rj (HI) 


III 

0*09 

176*8136 
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cdntration whereas if there were no »-type inclusions introduced with it, (r< would 
have remained unchanged. At higher temperatures, (T( initially decreases with 
dopant concentration and then increases. This is due to the opposite effects 
of introducing Li dopant and w-type inclusions and is a function of the tempera- 
ture and concentration dependence of the physical parameters responsible. 

In the experiment of Friedman ft al (1976), which has been performed on 
shigle crystals of NiO, resistivity values decrease with increasti of oxygon partial 
pressure. Tliis is due to the fact that oxygen efft«tively introduce holes in NiO, 
although it is far less effective than Li dopant. For the temperature dependence 
of Hall mobility, /tjj is higher at lower oxygen partial pressures. 

This can easily be explained as the Hall coefficient Rr varies inversely as 
the hole concentration and thus decreases with increase in pressure whereas the 
conductivity behaves in the opposite way. The behaviour of H, which is a 
product of Rr and <r, depends upon the dominating factor. Thus, in this case, 
the first, i.e. Rr, is predominant. (In the experiment of van Daal and Bosman 
it is the other way round with or dominating under the effect of Li as dopant). 
The Hall mobility of the inclusions balance the Hall mobility due to the holes at 
Tg. Since the effect of the former is more pronounced at higher temperatures, 
at lower oxygen partial prossmes it will balance the Hall mobility due to holes 
at higher temperatures than in the case of higher oxygen partial pressures. 

From the above discussion it is swn that it may bo possible to explain the 
behaviour of T, for both the experiments of van Daal and Bosman (1967) and 
Friedman et al (1976). However, to test th(' suggestions made further experi- 
ments should be done simultaneously at different Li dopant concentrations and 
oxygen partial pressures. 
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The crystal structure of monoadipato tetraaquo cobalt (ii), 

Co(CeH 80 *), 4H2O 


M P Gupta and S K Sinha 

Department of Physios, Ranchi DniveijUty, Ranchi-834008 
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The title compound was studied by unravel t&<' oxygon ligand around the motal 
and to study tho achomo of hydrogen bonds in Iho crystal. 


Synthesis : Tho compound was propaB”«‘d by reaction ot stoichiometric 
amount of adipic acid and cobalt carbonate an<i the crystals wore grown out 
of water solution. The ahapt^ of tho crystal is like thin (dongated plato. 

Crystal data : Monoclinic; with a = 11-70, /> = 0-77, c = 4-79 K, 99 48 , 
Dobs - 1-69 gnv/cc, Doaie - 1-70 gm/cc, ,2-2, .space group i>2,/a. 


430 roflexions wore colloctod using single crystal Woissonberg photography, 
intenaitioa estimated visually aiwl data processed applying usual corrwtions 
and brought to approximate absolute scale by soatistical method. 


Structure determination and comments : The structure was solved by heavy 
atom technique. Tho metal ion and adipate anion occupy the special positions 
of centres of symmetry. The waU.r mokx,ules occupy general positions. 


A view of the crystal stcucture looking down lOOl] is shown in figure 1. In 
the structure, the metal is six-fold coordinated by oxygen atoms, metal-oxygen 
distances ranging from 2-07 to 2-091. The dimensions of ad.pato amon are 
normal. The structure is held together by metal-oxygen ionic linkages a,^ 
hydrogen bonds via tho water molecules, hydrogen bonds ranging from 2 

to 2-90 k. 

However, great interest lies in the location of the hydrogen atoms and in 
establishing the true scheme of hydrogen bonds in the structure. To locate tho 
hydrogen atoms further work to refine tho structure is currently m progress. 


471 


14 



Indian J. Phya. 472 (1078) 


The crystal structure of strontium maleate, tetrahydrate, 

Sr.C4H2O4.4H2O 


M P Gupta and P Chand 

Department of Physics, Ranchi University, Kanchi-834008. 

Received 17 August 1978 

ThiH compound wa8 studied to unravel the scheme of hydrogen bonds and co- 
ordination of oxygen atoms around the strontium atoms. 

Crystal data : Monoclinic with a = 11-29(2), 6 = 6-98(2), c = 12-60(3) 1 , 
= 118*4°, Do = 2*04, Dc = 2-08 g.cm ®, Z = 4, space group P^Jc. 

810 unique reflexions with non-zero valuo»s of intensity wore collected by 
single crystal Weisaenborg photography and their intensities values estimated 
visually. Diffraction data were brought to approximate absolute scale by 
statistical methods. 

Structure determination and comments : The structure was solved from a 
3-dimenaional Patterson using heavy-atom technique. A view of the crystal 
structure down [010] is given in figure below. In the crystal, the interatomic 
forces are: (a) ionic (metal-oxygen) with values ranging from 2*46 to 2*75 A 
giving eight-fold co-ordination around strontium, (b) hydrogen bonds through 
the water molecules (distances ranges from 2*61 to 3*10 A) and van-der Waals. 

The maleate anion is non-planar with one of its carboxyl groups rotated 
out of the plane of the three carbon atoms by a large amount (~ 80°). This is 
an usual feature found in a number of maleates with both the carboxyl groups 
ionized. The geometry of the anion is also comparable to a number of maleates 
reported in the literature with both COOH groups ionized. 

As location of the hydrogen atoms is of great importance to establish the 
true nature of hydrogen bonds, further work is in progress. 
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The crystal structure of manganese adipate, dihydrate 

Mn(C6H804),2H20 

M P Gupta and P Cl'.and 

Departrnont of Physics, Kanchi TTiiivcarsity, Ranchi -834008. 
Received 17 August- 1978 


TJyi title ertmpound was iiiv'ostigatod Id study tJv hydiogtMi bonding and co- 
ordinating behaviour of oxygon atoms around il'.e metal. 


Crystal data: Monoclinio with c; — 1 0-95(2), 6—5-42(1), a = 10-32(3) A, 
P = 98-6°, Do 1-59, Dc 1-03 g.om Z ^ A, formula units of Mn(CaHa 04 ), 
2 H 2 O, spa;-.e group G'Zjc or Cc. Complete structure determination confirms th»» 
space group to be C2/c. 

470 unique reflexions with non-zero valui-s of intensity wore (lollected by 
single crystal Weiasonborg ph.otography, intensiti-\s estimated visually and data 
brought to approximat<! absolute scale by statistical meth.ods. 


Structure deferml rial ion awl rammmtM : The structure wa.s solved by h.eavy- 
atom technique. As th.cre are only four manganese atoms in the unit cell m the 
space group C2/c, they occupy special positions on the two-fold symmetry axis. 
A view of the crystal stnicture down [010] is given in figure below. In the crystal, 
the linkages are : ionic (metal-oxygen), hydrogen bonds (through 
With values of 2-68 and 2-70 1). The Mn-0 distances range from 2-12 to .-22 A 
giving a six-fold co-ordination. 

As the hydrogen bonds, at this stage of analysts, come out to be on the short 
side, further work to refine the stnictun. is in progress to locate the hydrogen 


atoms. 
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The crystal structure of 5-7 dimethoxy indane 1-one, 

CiiHioOs 


M P Gupta and P Rani 


n^^part-mont of Physios, Univorsity of Kanohi, Ranchi -834008. 
Roctiivecl 6 September 1978 


The crystal and niolooiilar Htniciiire of the title compound was investigated to 
establish the .sk^Teochemistry of tlie molecule. 

Cryntal data : Monoclinic with a = 8*71(2), h ~ 9*67(2), c — 11 *12(3) A, 
p ^ 91*r, Do = 1*34, Do 1*35 g.cnr^, Z = 4, space group P2^ln. 

427 unique reflexions with non-zoro values of intensity were collectd by 
single crystal Woissonberg photography using CuKa radiation and intensities 
estimated visually. Because of large thermal motion in the crystal highec Sin 0 
reflexions were mOiStly not recorded. They were brought to approximate 
absolute scale by statistical methods. 

Sfnicture determination and refinement : The structure was solved using 
Patterson maps and packing considerations. Trial co-ordinates derived from 
projections were refined by the method of full-matrix least-squares using the 
programme of Busing, Martin and Levy (1962). Unit weight was given to all 
observed reflexions and only individual isotropic thermal parameters were used 
in the rofiucmont. The present conventional R factor for the data is 0*16. 
Hydrogiui atoms in thf^ structure ecndd not be located from a difference Fourier 
map. Table 1 below gives the atomic parameters of the non-hydrogen atom>s in 
th.o crystal. Tables 2(a) and (b) give the, bond lengths and angles in the molwule. 

Comments : Figure 1 (with numbering scheme of atoms in the molecule) 
give>s a view of the crystal structure as looking down the (100) axis in the crystal. 
The geometry of the molecule is as expected with no abnormal values for the bond 
lengths and angles. Those values are also comparable with that found for a 
number of similar molecules. 

The crystal stnicture is held together mostly by van-der Waals forces. 

Atoms 01, 02, 03 and carbon atoms Cl to Cll are nearly in the same plane, 
maximum deviation from this piano being 0*31 A (atom 03), 0*10 A (atom C9), 
0*11 A (atom Cll). Thus the molecule is only approximately planar. 
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Figiire 1. Crystal struct uro down the [100 


Table 

1, Atomic 

parameters ( 

X 10^). 

Atom 

xla{ a) 

ylb{ a) 

z/c( <T) 

01 

02 

03 

2249(8) 

2267(2) 

2691(20) 

— 212(14) 
616(18) 

— 1053(16) 

643(12) 

-416(14) 

2292(13) 

Cl 

C2 

C3 

2261(21) 

2274(22) 

2277(30) 

961(17) 

2372(18) 

3437(29) 

4212(14) 

4769(16) 

3792(26) 

C4 

C6 

CO 

2268(26) 

2307(39) 

2192(21) 

2489(22) 

1086(28) 

3190(18) 

2720(16) 

3060(26) 

1419(16) 

C7 

C8 

C9 

2343(29) 

2244(22) 

2163(22) 

2017(24) 

636(19) 

81(20) 

663(22) 

895(14) 

2008(16) 

CIO 

Cll 

2233(29) 

2221(26) 

1970(24) 

— 1804(26) 

— 1388(22) 
1141(20) 
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Table 2(a). Bond lengths. 


Atoms 

01— Cl 
C2— Cl 
C2— C3 
C.S- C4 

C4— C5 
C4— C6 
C6— C7 
C7— C8 

C8— C9 
C7— 02 
C9— 03 
Cl 1-03 
01 ( 1-02 


1-23(2) 

1-54(2) 

1-49(3) 

1-66(3) 

1-44(2) 

1-39(2) 

1-42(2) 

1-43(2) 

1-36(2) 

1-31(2) 

1-34(2) 

1-33(4) 

1-32(2) 


Table 2(b). Bond angles 


Atoms involved 

01— Cl— C2 

Ol— Cl— C6 

C2— Cl— C6 

Cl— C2— C3 

138-3(1-2) 

114-6(1-0) 

107-0(1-0) 

109-8(1-0) 

C2— C3— C4 

C3— C4r-C6 

C4:— C6— Cl 

Cl— C6— C9 

101-8(1-1) 

110-6(1-0) 

110-6(1-4) 

133-3(1-6) 

C9— C6— C4 

C5— C4— C6 

C4— Cfi— C7 

C6— C7— C8 

116-1(1-2) 

131-1(1-0) 

107-2(1-2) 

126-9(1-0) 

C7— C8— C9 

C8— C9— C6 

C8— C7— 02 

06— C7— 02 

122-1(1-0) 

110-6(1-1) 

118-3(1-0) 

116-9(1-0) 

C7— 02— CIO 

03— C9— C8 

03— C9— C6 

C9— 03— Cll 

C3— C4— C6 

136-8(1-6) 

123-8(1-8) 

113-1(1-2) 

117- 6(1-2) 

118- 1(1-4) 
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ERRATUM 

Chiral symmetry breaking and quarks 
(current and constituent) 11 


P. Sinha and V. P. Gautani 
Indian J. Phys. 62A, 9-28 (1978) 

The factor 2M occurring in oq. (21b) should read as 2Mjf. 

In oq. (27) ss sign is missing after mjmg. 

In the first and second line after oq. (27) and in the unnumbered eq.after eq. (27) 
S sign is missing after ar^§ and rospoctively. 


In eq. (28) !=; sign is missing after 

Eq. (32) should read as 

MO) = (I^+M-SMkU ^ 0.97. 

In eq. (37) SS sign is missing after • 

Eq. (40) should read as 

fisimf . 

H® n* 

The correct signs of the terms containing m** in eqs. (43) and the eq. following it. 
should be opposite to those appearing there. 

m/ in eq. (46a) and in eq- (^®) should read as ntp*. 
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Eq. (52) should read as 

The term in the eq. following eq. (62) should be replaced by Aw^* 

The Second unnumbered relation after eq. (53) should read as 
The loft hand side of eq. (66) should read as </«. 

The line after eq. (56) should read as, in consistency with our interpretation of 
Cqmor- 
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e -Li scattering by simplified form of FSA 

Sunanda Guha and A S Glioah 
Department of Theoretical Physios, 

Indian Association for the Cultivatioa of Science, Jadavpur, Caloutta-700032. 
Received 24 April 1978, revised 16 September 1978 

Abstract. Siinplidod form of Fixed-Soatterer Approximation as proposed 
by Ghosh has been used to investigate the elastic scattering of electrons by 
Lithium atoms in the energy region ^ — 10 to 200 oV. Results of the 
differential and elastic integrated cross-sections have been calculated in this 
energy region and comparisons have been made with the recent experimental 
results of Williams el al at energies iO, 20 and 60 eV only. 

1. Introduction 

The meaisureiuont of difforontial croaa-soctioii for tho elastic and inelastic e~-Li 
scattering by Williams ei al (1976) gives a scope to tho tli,oorotical workors to 
justify their approximations in a b(^ttor way. No otl\or diForential moasoro- 
ment has so far boon reported for elastic c--Li sc^attoring. Agrooraont betwcM>n 
the purely elastic integrated cross-sections and tho existing theoretical results 
(Burke and Taylor 1969, Walters 1973, Sarkar et al 1973, Inokuti and McDowell 
1974) are not very encouraging. 

The aim of this paper is to obtain the purely elastic integral and differential 
cross-sections of e“"-Li scattering using tho simplified form of fixed scattorer 
approximation as proposed by Ghosh (1977). In this paper Ghosh has written 
explicitly the necessity of employing this approximation in tho framework of 
fixed scattorer approximation (FSA) and has also discussed in detail the difference 
between the present form and the simplified form of sec^ond Born approximation 
as proposed by Massey and Mohr (1934). Tho formalism of Ghosh yields reliable 
results (Ghosli 1977) for elastic and inelastic processes as high energies for 
scattering. In the case of e±-He scattering, results (Daskhan and Ghosh 19T8) 
obtained using this formalism are also very encouraging. FSA assumes tho 
static configuration of the target atom. Ghosh has retained upto the double 
scattering term assuming the fact that at intermediate and high energies higher 
order terms won’t contribute appreciably. The effect of exchange has boon 
taken into account explicitly following Ghosh (1978). Inclusion of exchange 
in the framework of FSA always improves the results. In the present calcula- 
tioxiH we have used the one electron wave function as used by Walters (1973). 
It has been pointed out by Mathur (1972) that the difference between the 
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scattoring paraiuotors by using one or ihxoo oloctron wavofunotion of Li atom 
is not very appreciable at intermodiate and high energies. He has arrived at 
this conclusion by using the Glauber approximation. It may bo mentioned 
that Glauber’s method for multiple scattering is an approximate method of fixed 
acatteref approximation. Keeping this thing in mind wo have aolocted the one 
electron wave function for the Lithium atom. Here we have calculated the 
purely elastic integral and differential cross sections from 10 to 200 eV. 

2. Theory 

We can write the Schrodingor’a equatioxi for e^-Li scattering in KSA as 


{E-EB-Ti)ip, ■» (rj, r2) = F(ri, (rj, rg) (1) 

where the total wave function of the system, ijr. rg) i® expressed as the 

product of the target wave function ^^(rg) and the incident wave F. ‘♦'(ri) 

"ijr2 

in the FSA. is 


rs) = (ri) ( 2 ) 

with ki ia the incident momentum and F(ri, r*) is the perturi)(«i potential. Here 
Eb is the binding energy of the target atom and Tt, the K.E. part. The equation 
(1) takes the form 




Here the function F, +(ri) which has a parametric dependence on the target 

electron coordinate rg, satisfies the usual boundary condition. 

The corresponding Lippmann -Schwinger equation is given by 




I fe'Xfe' 1 F(ri, rs,) I 
jfc,a-Jfc''2+ie 


- (4) 


Equation (4) in the FSA is exact uptill now. F. +(ri) on the right hand side of 

equation (4) ia now replaced by a plane wave i.o., two terms are retained. Thus 
the function ^ +(ri) takes the form with proper normalisation 




. ... O/IFIt-Xf |r|Ki> 


( 6 ) 

The direct scattering amplitude from the initial state 1 1 > with momentum kt to 
the final state </| with momentum ft/ is given by 


=fS+p 


( 6 ) 
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a«nd 


/^=- 





( 7 ) 




Stt^ 


<l>nn)Hn) J W 


Tho calculation of which is nothing but the first Born terms is straightforward. 
The final expression for is lengthy and the type integrals by which one can 
get the final expression for are given in App<mdix I. The corresponding re- 
arrangomont amplitude is 

gfi^SA(Uf%x) = - ^ <Urx, rx)kf 1 V\ Un> ' (ra)> . (8) 


We now (ialculato tho exchange amplitude for e -Li scattering in whicJx both the 
finitial and final states arc^ in tho ground state. In tho present case, the function 
F, +(ri) takes the form 


iki.Vx I 1 






Equation (8) may then be written as 


] 

( 9 ) 


g/i^s^ikf.ki) g^+g° 


( 10 ) 


whoro g^ Ls nothing hut tiio Opponlioimor amplitude and it can bo easily calculated. 
Tho double acattoring term of the ex(!hange amplitude gr® is given by 


gD^ 


1 

27r» 






dK'drxdr^ 


( 11 ) 


The final expression for g° is also very lengthy and the type integrals from 
which the final expression can be obtained are given in Appendix II. 

The wave function used for tho ground state of lithium atom is 
^ 2 «(r) = Are~^'^^^ +B^x, 




V* -2.7r 

e 


where 
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and the constants A and B aro so chosen that ^ 2 « orthogonal to and rfso 
normalised. It may bo mentioned that we have included the core potential Ve, 
in the Born and Oppenhoimer terms and V takes the form 
F= -l/r2+l/r,2+Fc, 

F« can be obtained following Walters (1973) and 
Vc = -2(l/ri+2-7/2)e~®‘^ 

In tho calculation of Double scattering terms we have neglected the core potential 
Fc, for it has been found that the inclusion of Vo in the double scattering terms 
will not affe(5t the corss-sections appreciably. 

3* Results and Discussion 

A. Differential cross-sections : 

Figures 1 to 3 represents our results with and without exchange for the differen- 
tial cross-sections along with the recent measured values of Williams (1976). 
The results of Guha and Ghosh (1979) using polarised orbital method (POM) 
are also inserted in the same figure for comparison. For low incident energy 



Figure 1 
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the preflent curves ■with and without exchange fail to reproduce either qualitative 
or quantitative agreement with the measured values. At 20 ©V , the present 
differential results are some'<vhat similar to those of POM values as well as 
experimental findings. The present curve, however, fails to reproduce the 
shallow minimum as given by the measured values. From figure 3 it is evident 
that the present computed results for the incident energy 60 oV yield the qualita- 



tive feature of the experimental curve though the magnitudes are not same. 
Near the forward direction, present values, with and without exchange, are 
close to the experimental findings. The results of the POM are not very much 
different from the present results at 60 eV except very near the forward duec- 
tion We have calculated the values of the differential cross-sections with and 
without exchange at different energies from 10 to 200 eV. From the results it 
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ia cloar that tho effect of exchange is not negligible even at the incident energy 
200 eV. At low energies, the present valuea show marked difference with those 
of FBA results. With tho increase of energy, tho difference decreases as expected; 
at E = 200 eV, the two set of results are within 6 %. 



In our method we have neglected the effect of higher order terms. The 
effect of polarization is also appreciable for the alkali atoms. This effect haa 
not been taken into account explicitly in our method. Considering all these 
points, we think that the present result ia expected to be reliable at large scattering 
angle and at the incident energies E > 20 eV. Tho inclusion of the higher order 
terms and polarization may improve the results appreciably. The disagreement 
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between the present results atid the measured values at 60 eV in the large scatter- 
ing angle is not undorstoocl. 

The measurement of the differential cross-section is in the early stage. Moie 
rigorous theoretical attempts should be made to determine the exact behaviour 
of the cross-section. 

B. Total cross-section 

Figure 4 represents our results (with exchange) for the elastic integrated 
cross-sections along with Williams (1976) experimental results and other theoreti- 
cal values upto 60 eV incident energy. Our value of the cross section at 10 oV 
overestimates the experimental value and it is very close to the POM value. 



But at 20 30. 60 and 60 «V inoidont energies our values are close to tho expt»ri- 
mental values and they an, within the experimental error ranp. Our POM 
values are always greater than tliose of expflimont though there is a quahtative 
.gtcoment betwoon th. im. Tho tosuta of Btirko rad T.ylor (1969) rad 
Walters (1973) who have uswl tho close coupling method and tho Glauber method 
respectively underestimate the experimental values whereas the results of Sarkw 
at al (1973) (Modified Eikonal Approximation) and McDowell (Pirat-Bom approxi- 
mation) overestimate the experimental findings. In comparison to other theoreti- 
cal findings our results agree well with the experunent. 
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Table 1. Total elastio cross section in units of noo^ in e*-Li atom collisions 
at incident energies 10-200 eV. The symbol a±b denotes ax 10±&« 

Total elastio cross section 

Energy (eV) with exchange without exchagge 


100 

8-3186+1 

6-9468+1 

20-0 

2-6337 + 1 

2-3383+1 

30-0 

1-4668+1 

1-3488+1 

500 

7-6109+0 

7-2068+0 

600 

6-0343+0 

6-8376+0 

100-0 

3-3786+0 

3-3177+0 

160-0 

2-1826+0 

2-1568+0 

200-0 

1-6136+0 

1-6992+0 


In tablo 1 we have given the elastic integrated croaa-soctions from 10 to 
200 eV incident energies. Lastly wo conclude by warranting further experi- 
mental and theoretical investigations. 

APPENDIX I 

The expression for the double scattering term of the direct scattering amplitude 
is given by 

P / mn) / (1.1) 


where 


h*{rz)Hr2)dr2 J 


[1 


(1.2) 


q = kf—kf 
q, = r-kf 
9 * = ki-k". 


Ferfonuing integrations orer dr 2 *nd dk" one gets finally 


P = -32;r[B»AjXi(Xss)+2.4B{Xi(Aa)+2A8*Z8(A8)} 

-64*AiJa(Ai)-4il*Ai»Z3{Ai)] (15) 

where 

"" AW+A^) 

and 

Ai = l-8, Aa = 6-4, A, = 3-5. 

Xi, Xa and X, are the Ist, 2nd and 3rd derlTatireB of X. 
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APPENDIX 11 

The double scattering term tor tlie exchange acatteruig amplitude may be 
written as 


gD ^ 


where, 


h - oV / i drt dr^ 






r„ H'-fc|’(r‘-i,’-i6l 

The type integrals n^cpiirod for solving Jj, /g, and are given below : 


j f — airi— a2ra — ifc/.r2 1 j. 


(Ill) 


(11.2) 


A ^ (TI.3) 

'i» |6 — fei I *(!; ■“— A<*—*e) 


(11.4) 


^Jk"dridr2- (H.S) 


^dri (II.6) 


.,(v+S(7+..-)- (^) ] *"■” 

-ajri— atafa I 


^2 = J e 


— ife/.ra+ile.'rj 

_ -- £ - , dridr.dk" (11.8) 


whore 


and 


fCi 0 


Yi-= 


dY 

dfi^ 


^?,r 


ki(y^+ki'^-A») 


/«H(C®+r®){Wr®+(r*-V+A*)} e*+r 


(11.9) 


(II.IO) 


^h7i J 


(II.ll) 
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whero 


yt^2 ^ xoL^-\-x(\—x)kf^ 

A = xkf 

7 


A, ^ J . 


-airi-aa/'a 


I g — ikf . Va + — feO*'**a "'**1 


dndr^dk" (11.12) 


when' 


r 2ax 2ct, y_ N' N'fi-2Nfi ' 

I ki^ -f a,* kt^+ai^ 2N ^ N(ki^+oCi^)(^+N) 


(11.13) 


* „ j„ “2*— A:<®+g®\ 

'kt(kf^+ 'oc^mki^+oc,^) 2ktoc., ) 


(11.14) 


y 2 1 , { Ni \ 


(IT.15) 


fi ^ ai(fci*+a2*)-t-a2*(*<*+a,*) 




S e 


-ociri—aaTa 


j g— tfc/.ra+i(fci— fc'l.ra+ifc.'ri 

'^iT “TF^P(fc'*=^Te)~ 


dridradk" 


(11.16) 


Stt" •} kdke (kt^. A:*) f 1 / 6' a' \ c' { b 


W 0 “(IF-h?)*' 




+-]+i 


in(-) (11,17) 


e(kt^. A:*) ^ 1, 0, —1 according aa kt^ ^ A:® 
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A If If If 


and 


a = 



+ 


kih kiC 

(Hkf] 


+d 



\ 

(A-fciP I 


kc 


+d 


(11.18) 


c- |{P+3Ha2')-l9lco8d| -+^*'11* -|-||9|8ind(^!:^Y 

I 

J - 1 9 1 coa (}{lt^-\- qHa-i^) 
where d is the scattering angle. 
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and related properties of simple non-polar liquids 

B K Sharing 

Departmont of Physios, Rogional College of Education, 

Bhubaneswar-751007 (Orissa) 

Received 5 October 1978 

Abstract. A simple theoretical method has been suggested for the evaluation 
of melting point limiting solid volume, melting temperature and heat of fusion 
of simple non-polar substances in terms of characteristic parameters of liquid 
state. The calculated values are in close agreement with experimental data 
and those reported by earlier workers. 

1. Introductioii 

In the theory of melting, limiting molar volume of KoUd at molting point (or 
triple point as the case may be) has been found to bo a useful tool of study of’ 
several thermodynamic properties of liquids (Yosim and Owens 1963, Kanno 
1972, Lennard-Jones and Devonshire 1939, Eyring et al 1967, 1959, 1963, 1964, 
Mansoori aoid Canfield 1969, Tuerpe and Keillor 1967). So far, hardly any 
significant effort has been made to estimate such, an important parameter on 
theoretical basis. Hence its evaluation is very important. Such a sttidy is 
essential for a correct understanding of the conceptual framework and mechanism 
of melting process and related thermodynamic properties. Wo propose, in this 
paper, much needed analytical method of estimating limiting solid volume Vg of 
simple non-polar liquids in terms of characteristic volume V*. We compute 
Vg and other melting-point properties in the case of small (slightly polarizable), 
symmetrical (non-polar), and slightly non-spherical molecules in condensed 
phase. 

2.1. Calculation of Vg 

In a recent publication, Sharma and Bhatnagar (1975) have suggested an effective 
method to compute characteristic volume F* of simple non-polar and slightly 
non-spherical molecules in liquid state in terms of critical constants of liquids. 
Hence, F* of any simple non-polar liquid bears a certain ratio to its critical volume 
Vc given by (Sharma and Bhatnagar 1975) 

F*=aFc (1) 

where a = (peVcIBTc) is the critical state compressibility factor, pc, Vc and Tc 
are critical constants and B is the universal gas constant. 

174 
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In view of tho complicated nature of thermal atomic vibration^s in liquid 
state (Singwi and Sjolander 1960), the coordination number Z in in>stantaneouR 
liquid structure is not conHtant. At tlu? melting ix>int, tlu? inti^rmolecular distance 
in the liquid remains n(>>arly tlu^ same as for tlu* solid, th,oreby retaining th.e lattice 
pattern. However, th(^ nurnh^^r ol’ neiirest neigl\bours Z o1’ typical inohKiUlo 
may be sligh.tly decreased (Einstein and Gingrich, 1942). As th,e t emx)eratim^ 
increases Z steadily (h^croases approximately to 4 at the critical point (Mikolaj 
and Pings 1967, Marchi and Eyring 1963). Th(^ variation in Z i.^ roughly j>ro- 
portional to d(.-nsity of the liquid, with ternpcratun^ having a smaller etfect 
(Pings 1968), in agre(unent with analysis by IMelroSe (1966). In recent publica- 
tionfS Sharma (T976a, 19761)) has propoUcnl tlvat Z is a fuiudion ot compri'ission , 
density and thermod;\Tiamic stat(^ of the liquid. Th(^ coordination number Z 
is assumed to vary inversely on molar volume tlier(d)y decreasing with, incn^ase 
of temperature. At absohde zero temperature^ Z assumes maximum vahu> in 
the lattice w ith minimum molar volume of hard core, leferred to as the ch.arac- 
teristic volume F*. 

Diffraction studie^s (Einstein and Gingrich 1942, Gingrich and Tompson 
1962, Henshaw^ 1967) slunv tl\af although, liquid retains some as^wt of sh,ort 
ranges order, considerable degree of disorder due to distortion or randomness 
of th.e instantaiUMms arrangement of molecules is inherent in liquid lattice struc- 
ture. It is pr(>i)OSed th.a1> as U^mpt^i aturt^ increas(\s, th.e licpiid laities^ is so dis- 
torted as to lower tlu) vahu^ of Z. Henc<‘, tlie erfectiv(. coordination number 
Z' in exjjanded liquid region at any temperature may In^ wTitten as 

Z' - ZAiVsIV) 

in wducli 


wh.ort. Z is tlio (•ooriUiifttioti iiiimlx'f at abaohito 7.<(r() toniporaUnv, 1 * is tlvo molar 
volixmo of uiicxjiaiidod solid at laoltina point. )’ is ^ho molar vohimo of lupm! 
at any roforonce tx.miwatnre T and pn^ssurop. A is tho proportionality constant 
introflucotl oarliiT (.Sbarmu 197flh) ami c is tho haso of th.e natural logaiithms. 

Tho prosont proposal of oqnation (2) is in clos<‘ qnalitativi' and qnantitativo 
agrci^mont with experiment (Maichi and Eyring 19(53, Mikolaj and Pings 1907, 
l»ings 1968, Eislior 1904, Mclroso 19<50) throughont tho wholo liquid tango of 
temporaturo from molting point Tm i'*’ critical temporatiiio Tc 

Following tho lattice theory, whon geomotric factors of tho lattice at absolute 
zero and molting points arc assumetl equal, wo can easily obtain an expression 
relating molar volumes with molocular diameters as 


{V,IV*)=(<rl<r*r 


( 4 ) 
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where in the hard core diameter and or \b the nearest neighbour distance of the 
lattice. 

Due to complex thermal atomic vibrations in liquids (Singwi and Sjolander 
1960), not nooeaaarily confined to their particular equilibrium lattice position by 
virturo of loose liquid lattice as compared to solid, (t is not necessarily equal to 
the equilibrium molecular diamter cTq. However, the ratio (cr/<ro) may be close 
to unity for liquids (Eyring et al 1941). Hence, wo introduce the approximation 
as 


a = Bcto (5) 

whore B is a constant close to unity for most liquids. 

For simple liquids tbo limiting value of molecular diameter (Tq in terms of 
er* is given by (Lennard- Jones and Devonshire 1939) 


(To = 21/«(T* 

(6) 

From equations (4)^(6), wo obtain 

{V,IV*) = = 2»((t/(To)* 

(7) 


We follow afore mentioned inverse dependence of Z on molar volume and 
obtain an alternative expression of Z' for simple liquids by introducing the 
appioximation given by 

(T^Z. ( 8 ) 

Using equations (2), (7) and (8) we can now write the desired expression for 
Vg for the solid phase at the melting point as 

Vg = CV* (9) 

in which 

C - (10) 

B = (Z'IZ)^f^==A^'^ ( 11 ) 

The validity of equation (9) has been tested for several simple, slightly 
polarizable non-polar liquids for which experimental data wore available. Our 

calculated values of Vg in comparison with, those reported in literature (Moelw3m- 
Hughes 1965 and Eyring et al 1967) are shown in Table 1. The agreement is 
extremely good. The calculated values of F* were obtained by using equation 
(1) from the experimental data on a and Ve quoted from Lange (1967), and Kobe 
and Lynn (1953). The values of V* and Vg are constants characteristic of the 
liquid. 
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Table 1. Comparison of calculated and observed values of F* (values of 
Vc, V* and Vt are given in ec mol-^) 


Liquid 

a 

Vc 

F* 

calc. 

Vs 

calc. 

Vs 

oxpil. 

No 

0-296 

41 7 

12-34 

14-04 

14-03 

Ar 

0-292 

75-3 

21-99 

24-68 

24-61 

Kr 

0-29(> 

92-1 

2e-71 

29-77 

29*66 

Na 

0-292 

90- 1 

26-31 

29-53 

29-31 

Xo 

0-290 

118-8 

34-45 

38-40 

37-10 

CH,. 

0-290 

99-4 

26-71 

32-00 

30-94 

O 2 

0-292 

74-4 

21-72 

24-38 

23-77 

Ha 

0-306 


16-89 

23-39 

23-31 

Ho 

0-305 

67-8 

lt-63 

20-66 

21-18 

Hk 

0-294 

40-1 

lt-80 

13-32 

14-14 


2 2 . (Jakuhiion of Tm 

Tho modifiod coufiguiational partition firuction for a molo of nioloeuJos of 
tho licpdd is given by (Sharma and Bhatnagar 1970(?) 

Qn - ^tf*®”** ( y ( f W3.. 1 )3JVC* pxp ( . 1 ) 

( 12 ) 

when' F ( VI b*) is the reduced volume, T -- is tlie rodumi. tomix»raturo, 

F* is tlu^ cliaraeteristie volume, T* is th,o clxai acteristic temperature, Qjf^comb 
the combinatorial partition function independent of temperature, m is the mole- 
cmlar masH, 36^^ is tho numb<^r of external <iegroe.s of fret>dom, h is Planck’s cons- 
tant, k is Boltzmann constant, N is Avogadro’s number, g is th.e geometric factor 
depending on the typ(^ of lattice and is tho communal entropy of factor of 
licpiids. 

We write the reduced equation of state Ibr the liquid system obtained from 
equation (12) as 

I (13) 

T Vf 

whom p -- (pIp*) is the rediiood prosauro and p* is tho characteristic proHsuro. 

Equation (13) is identical with, those ohtaintMi by Flory el al (1964, 1965) 
and Shajrma and Bhatnagar ( 1975 ). 
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Using o(luation (13) tl-.o (iHuactorislic pa'' 
and Bhatnanjar 1975) 


aiaotoi-H given by (Sliarnia 


C* ()a(l 

p* .^C*RT*IV*. 

. I’# t'* T* and l>* tuo constants d'.aracUfristic of tin. 

All tin. i)arajnott'rs I ' • -' ■' 

liquid and are indt'poudont ol IcmiK.rature. 

Tho ,™im,.nt..l .w. «!.. u. ordinary pr«. p and nry W oonaideml 
t„ |.old for »r,. i,ro«.n willvmt any ap,,r,a.ial,U. orror. At the >»«, p,„«.n,„ 
Innit, Ih.. nnltinB to.ni»--.l»r» T,. i.an.g oqnali"" ('« ■’ «"»” “» 

To oxtond tl,o u,. ot , a, nation ( 17 ) for ...l.nlaline tiro v.lnoK of T, for liquidn 
tho olfct of diMortioi. of lattico nitli to.n))<.ratnro ha- t" ho oonaidor.d. At 
tho ,».[«.« point. tl,o ort-.l.l latti,.,. ofll,,. oolhl hroako and tho aoUd niolta 

to form a liquid. 

Tin. lattict. distortion paramotor wliicl. tako.s into aw.ount tlu. distortion 
taking plaoo in tlu' licinid lattice is given l.y (Sharma KtTtdi) 

S^-aZeiVJV] 

wliore Zc is the eritii al state (•.oordiiiatioii numbts’ assumed to b< 4 lor simi)lo liquids 
(Eyrhig hikI MurcJii 1903, »Sh<irmci 19761>). 

Accordingly, the propotuxl oquation corrohiting Tm F ii>nd 7'* is given a,s 

Tm -- 

Tho calculiitod valuos of ^ and Tfn along with oxjMwimcntal valitos of 7\ are 
proaonUyd in Tabic 2. Tho oxporimontal data on liquid molar volumo V at 


Table 2. Comparition of calculated and experimental values of Tm (values of 
Tet Tm T* are given in K and those of V in cc mol”^) 

Substance 

V 

d 

calc. 

Tc 

T* 

calc. 

Tm 

calc. 

Tm 

oxptl. 

Neon 

1618 

1-04 

44-6 

376-4 

26-62 

24-67 

Argon 

28-34 

1-02 

160-7 

1270-0 

81-06 

83-78 

Nitrogen 

31-96 

1-08 

126-1 

1064-0 

69-40 

63-14 

Krypton 

34-33 

101 

209-4 

1766-0 

110-60 

116-00 

Xenon 

42-69 

1-04 

289-8 

2422-0 

141-80 

161-30 
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molting tomporaturo Tm for liquids composed of inert gases were taken from 
Cook (1961) and those for nitrogen from those reported by Fuller et al (1969). 
The calculated values of F* and F, utilized for calculating Tm were taken from 
table 1. The values of T* wore calculated by using equation (16). The e^r^n- 
mental values of a, and Tc utilized wore taken from Lange (1967) and Kobo ancL 
Lynn (1963). It Ls seen from table 2 that the agreement between calcxxlated 
and experimental values of Tm is fair. Hie value of factor S is near* unity for 
simple^ liquids. 

2.3. Calculation of heat of fusion } 

We now apply the model calculation! for evaluating entropies and heats of 
fusion of crystals which are composed of laoleculea with spherically symmetrical 
force field and thus examine their moltin^jbehaviour. 

Kirkwood (1960) defined communal oixtropy in terms of configurational 

integrals as 

A8o = kln(QKlQ,o) ( 20 ) 

wlioro Qn w tho configurational integral (12) which contains all configurations, 
crystalline, fluid and intermediate, which the N particles caai assume. Q$o is 
the single-occupancy configurational integral which, allows only one particle 
in each of the cells centered on the crystal lattice and does not include communal 
entropy factor 

The singlo-occupaiicy configurational integral obtained from equation (12) 
may bo written as 

Qoo -= I)(Vs^'^-iy^^*exp(NCf*/f,Th 

in which 

% = Vs/V* 

We have employed the configurational partition function (12) for calculat- 
ing entropy AS/> and the heat of fusion AH/® in terms of communal entropy A*So- 
The communal entropy AS^ arises from the sharing of volume since the entire 
volume of the liquid is accessible to every molecule. 


( 21 ) 

( 22 ) 

(23) 


The equation of entropy 8 is given by 
S = it: In Qjf+kT(d In QyldT)^. 

The equation of heat of fusion oan bo written as 

AH^ = 2'w(A-Sy>-f-A'So) 


( 26 ) 
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in which 

AS/ = Si- So = 3C*R ln[(F»^8-l )/(?//*-!)] (26) 

ASo = C*R 1 3 ln[(F/«-l)/(F/^»-l)]4— )1 ■ (27) 

^ T F F, 

From oqiuiitioiiH (19) ivid (25)~(27) wr obtain t)>o dosiiocl equation for heat 
of fusion as 

Af// ^ (28) 

whoro the eharactoristic energy V* is given by (Sharma 1977) 

^C*RT*. (29) 

Tb/' calcu.latod values of A///^ for a feu' simple non-polar subsiaiicos in com- 
parison with experimental values (Cook 1961, Fuller r,t al 1959) and those obtaincsl 
by Yosim and Owens (1963) are shown in table 3. Tlu» \'alu(>s of AS/® and A*So 
are also shown, ft may T)o s<vn from table 3 tJuit only a fraction of the comnumal 
entropy appears across tho molting transition. The (jommunal entropy 
change is only a small fraction of about 0*25 r)f the entropy effusion ASf, Our 
results are in qi^alitativ'e agre :<mont with Alder and Wainwrigb.t (1962) and 
Alder and Hoover (1967) \^'ho suggi^st t]\at the communal ontiopy does apjKiar 
somewhere between the perfect gas and tbe close-packed solid, but only gradu.ally. 


Table 3. Comparison of calculated ami experimental heats of fusion of crystals 
composed of inert gases and nitrogen (values of C* are given in molecule-^, 
U* and AH/® in cal raoh^, A/5/® and in cal K-q 


Substance 

C* 

IJ* 

A^/® 

ASo 


> 

o 


Present 

work 

Yosim & 

Owens 

(1963) 

exptl. 

Neon 

0*690 

440*2 

2-67 

0-66 

86*15 

66*6 

80*1 

Argon 

0*673 

1447-0 

2*69 

0-64 

270-70 

269*9 

280*8 

Krypton 

0-564 

2176-0 

2-87 

0-74 

400*10 

366-4 

390-7 

Nitrogen 

0*573 

1209*0 

1-76 

0-39 

127*60 

— 

172*4 

Xenon 

0*664 

2736*0 

2-33 

0-59 

413*90 

602*7 

548*6 


Data not available. 


Tb.e <^stimato(l values of O'*, T* and O* wore taken from our earlier publica- 
tk)n (Sharma 1977) and those of Tm^ from table 2. It may be seen from the 
table 3 that the agr(Nem >nt is fair. Our calculations sliow better results than 
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those obtained by Yosim and Owens (1963) in all ayatoms cousideml except 
Xenon. This is not surprising since the estimated values of V$ and Tm for 
Xenon utilized to o .dauate AH/® differ from expcYrinumtal values by abot^t 3'6%. 
However*, agreement would bo bettor if experimental values of T% and Tm were 
utilized. 

3. Conclusion 

An inspection of tables 1-3 reveals that tiKe agrcnmiont between the calculated 
and obsorveti vahioH of V g, and AH/® i$ V(^ry good in most of the substances 

in view of the crudeness of the model, approximations. Additionally, the i>rosent 
theoretical approach i>s convenient and involves few parameters. The estima- 
tion of various molting pinnt properties requires the knowk>dge of critical cons- 
tants and molar volume of the liquid at the melting point. The values of AH/® 
are obtainofl from the estimated values of several parameters such as F*, V 
C*, T*y U* and Tm of liquid state. This is a distinct tvdvantage of the present 
theoretical treatment . However, the ostimahnl vahtes of all tjicse paramo tors 
an" limited by the accairacy of exporinn^ntal values of critical constants. It is 
possibk^ that those values may be of less than th(^ desired accuracy. 
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Abstract. Tho modified oik<^)nial wave function has boon used for continuum 
functions of the negative hydwogen ion. This function was combined with 
twenty — parameter bound stats wave function to calculate the bound — free 
absorption cross sections of the negative hydrogen ion using tho length and 
velocity alternatives for the dipole operator. It is found that tho trend of 
our curves is very similar to tikoso of experimental photodotachmont results 
of Smith and Burch (1959a, b) though there is a considerable disparity at 
intermediate wavelengths between ours and the experimental. A comparison 
ha.s also been made with the theoretical results of Doughty et al (1966) and 
those of Boll and Kingston (1967) and it is soon that our curves agree well 
in nature with those of Doughty et al. 


1. Introduction 

Tho photodotaohm^'iit process of ground states atoms and ions by ultraviolet 
stellar radiation is a primary physical process. A great effort ha.s boon dcvoterl 
to obtain accurate observations and to calculate accurate reaction rat(\s for 
atomic processes. It is now possible to make detailed quantitative inteipix^ta- 
tions and to obtain results which are of very general astrophysical imj)ortanc(7. 
)Sincf' tho discovery of the stability of the negative ion of hydrog(^n by I3<»tho 
(1930) and Hylloraas (1930) and the r<HM>gnition of its astroplxysical importance 
by Wildt (1939), attempts havi» been made to determine the electron affinity 
of hydrogen witli as Ivigh a precision as possible. The photodetach.meTrt cross- 
section of negative hydrog<m ion also h,as \mm studied extensively botli theoreti- 
cally and experimentally. large number of tlxeoretical investigations l^avc 
been carried out on the bound -fr(M> and frw-free stimulated electron transitions 
of thiia system. Chandrasekhar and his associates have published a series of 
papers from 1942 upto 1958 (s<xi Chandraaokhar 1958 for the comjileUi reference 
list) on the bound-free absorption coefficient of negative hydrogen ion by quantum 
calculation. They have unod increasingly mor<^ accurate two electron ’wave func- 
tions for the bound state, and have also investigated tho effect of the static central 
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field on the free-state (Chandrasekhar and Elbert 1968). Geltman (1962) has 
evaluated the above mentioned absorption coefficient itaing a aot of Bu.ocesaivoly 
improved bound and free state wave functions. Three successively improved 
version of tl\e free-stato P wave-function viz, plane wave, radial correlation 
and full correlation version have been used. An alternative method has been 
employed by Doughty et al (1966). They have used Hartroo-Fock eigenfunction 
expansions for the continuum waves with successive inclusion of all states upto 
and including the 3d state of atomic hydrogen. Boll and Kingston (1967) have 
attempted the same work by employing the metlxod of polarized orbitals (Temkin 
and Lamkin 1961 , Sloan 1964) to obtain a representation of th,o singlet P-wavo 
continuum functions of the negative hydrogen ion, and to make an allowance 
for the effect of polarisation. Those functions were combined with twenty and 
seventy parametc^r bound state wave functions in their calculation. The methods 
used by the above mentioned authors are rigorous and lengthy. For the conti- 
nuum wave functions, one does require to solve the integro-difforontial oqiiation 
with the help of a computc^r. Hence wo are seeking for a simpler method whicli 
will give reliable results though not very challenging. Tliis necessarily forces 
us to do some further approximation. The modified oikonal method is foimd 
to bo very suitable for electrons (positrons)-atoms (molecules) scattering (Bhatta- 
charyya and Ghosh 1975, 1976, Saha et al 1973a, b) for intermodiato and high 
eTiorgi(jS. Being encouraged by our prtwious results, wo applied our modified 
oikonal wave function to calculate the continuous absorption coefficient of 
negative liydrogon ion. The continuum wave function takes account of static 
and polarization potential. Th,o effect of exchange has also boon included in the 
calculations. The method is expected to be valid for sliort and moderately long 
wave length of the incident photon. 

2. Theory 

A photon of energy hv colliding with a negative hydrogen ion forming a hydrogen 
atom and ejecting an electron i.o. 

is a process similar to photoionization process 

hv-{-A{i) A+(j)+rr' 

A and A^ being neutral atom and positive ion respectively. The fundamental 
relation governing the photoionization process is 

E = hv — Eij 

whore E is the kinetic energy of the ejected photoolectron and Eij is the work 
function of the atom. In this section, the basic theory to calculate the photo- 
ionization cross section is discussed. 
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The cro^a aoc.*tion for photoioiiization of a ayatom in a^ato t by on unpolarizocl 
photon beam of energy hv leaving the syatom in a final atate j conaiating of photo- 
olecjtrona of energy e phta ion in Ktato j ia given by (Bates 194b) 

^ (47r^mo^/3gi)(e + 7 ^^) | ] 2 ( 1 ) 

where oc ia the fine siructnro constant, (Iq ia tl\e Bolir radius, gi is tb,e atatiatioal 
weight of tb.o initial discrete state, and th,6 ionization energy Tfj and tlio photo- 
olocJtrun energy 6 tire expresatKl in Rydl)erga. The matrix element, expn\asf)d 
iti Rydberg atomic units, is given by (Bdthe and SalpoU^r 1957) 

^^ij\ rrr.Yi ^ ^ ^ ( 2 ) 

nii mj 

tlio summation over mt, mj being thi^ aun| ovim* the degenerate initial and final 
substates reapeotivedy, is tl\e positi(»n coordinate of tl\e //.** electron, kw 
the propagation vector of th.e plioton (Hj,] — 27rv/c), and th<^ wave functions 
an^ normalized. Upto tliis point tlu^ tlu^ory is i^ssentially exact For iiundent 
photon encu’gios below si^veral keV, th.e exp(ife^.r^) tc^rm in the matrix element, 
equation (2) (jan be approximated. Tins is done by noting th.at the major con- 
centration of uave function amplitiub^ is around a distanc<’> from tlve nuckms, 
r^i, ol th.e order of Boh.r radius. Tims for piioton energies beloM' several keV, 
(k.r,) is small enough, so that <^xp(ife„.r^d be well apj>roximat<Ml by unity. 
Thus tlio approximation simplifies the matrix olmm^nt considerably and is known 
as tb.o dijiok^ approximation. Th,o matrix element M^j can tl\en bo written 

S Y* I <jrnj\ Y (3) 

mi mj 

Further, we can deduce 

s X 1 < m, I X AJ 3m,> j * (4) 

{Jjjj — tjir mi mj ^ 

as 

Ej — Ei ==: Iij-\-6. (^) 

Equation (4) is known as the tli polo- velocity form ot the matrix element, while 
equation (3) i.s called the dipole-length form. 

A third, formally equal, form of the dipole matrix elomcmt can l)o derivc^d 
as 

I Ml, 1 a = 2: S I < mi I S(r^/V) 1 jm,> j * (6) 

(Z being the number of protona in the nucleus of the target) which is known as 
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the dipole- aocoloration form of the matrix element. Thus we have throe alter- 
nativo formally equal forms of the dipole matrix element. Wo emphasize that 
using exa?t wave functions, equations (3), (4) and (6) are equal. Of course, for 
atomic systems other tlian h.ydrogen, exact wave functions are not available. In 
th.at case the results of using the various expressions for the dipole matrix element 
can differ conaidorably from each other. To conclude, wo note that, as a practi- 
cal matter, it is only the dipole-length and dipole-velocity expressions that are 
ustmlly (jomputed and compared, b,onco it is followed in our work also. 

T}»e twenty parameter bound state ware function of the form 
ijfi -- N'e n “ a* - - rg and t = 

(oc and are coiustants) given by Hart and Horzberg (1957) lias been used in 
tl\e present oalcitlation to represent the negative hydrogen bound state wave 
function. IIk' continuum wave function is considered as given below : 

i/rj (i\r7(27r)*){^6(ra)^^(r2) + ^J{r 2 mri)}, 

0(r) ropresc^nt a hydrogen atom in its ground state, F{r) being the wave fu.nction 
of the ejectc»d electron. 

Tl\o modified eikonal wave function (Glauber 1959) for F{r) has been con- 
sidoied as 


F(r) - oxp[ikZ-(ilv) J C7(6, Z')dZ^] \ 

- oo 

{k and V being the initial momentum and velocity of the incident particle res- 
ptjctively) wl^ere h being the impact i)aramotor, and U is the combina- 

tion of static potential as well as polarization potential given by Tomkin and 
Lamkin (1961) 

Using and ifrj in equation (3) and in oquation (4) we have calculated the 
length and velocity matrix elements correspondingly and thus the photo-detach- 
ment cross section has been determined. 

3» Results and Discussion 

TJie dipole length, and velocity matrix elements have b(»en caku.lat<Ml to (va aluate 
th.o required cross hi^ctions. For the ovahiation of matrix element four dimensions 
(d* th.o integrals ari^ possible to perform analytically wh.eroas two dimensions are 
left for numerical integration. The numerical integration has been evaluated 
mi a highvSpc(»d computer (Burroughs 0700). For the method of numerical 
integration Ganss-Laguerro method has been adopted, there is an extra intt^gral 
otjcurring in the calculation of potential part which also has been computed 
numerically by Gauss-Legondre method of integration. 
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For bound state wave function of negative hydrogen wo considered only a 
20-paraimoter wave function as we have setm tliat the results using a 20-para- 
meter bound state wave function (Chandrasekluir 1958) are substantially the 
same as those following from an ll-j3arameter function (Ileiirich 1944), leading 
to the tentative conclusion tb,at still more elaborate bound state functions will 
give no more appreciable improvement. A calculation by John (1960) using 
exchange approximation wave functions for rhe fj*oe state resulted in appreciably 
improved agreement witli oxpeiimont. Hentjo witlmut increasing the number 
of parameters in the bound state wave function of H , have given more 
attention to the free state wave function. 

In the Figure 1 we exhibit tlie length and velocity bound-free absorption 
cross section curves. The tluioretical results of Boll and Kingston (1967) and 
of Doughty et al (1966) and the experimental values of Smith and Burch (1959a, b) 



Figure 1 The bound -free H“ ion photoabsorption cross section : 

Calculated using 20-parameter bound function and modified eikonal 

free -function in the velocity form. 

Calculated using 20-paramoter bound function and modified eikonal 

froe-function in the length form. 

— • • — Calculated using 70 -parameter bound function and polarised -orbital 
free-function (Boll and Kingston 1967) in the length formulation. 

........ Calculated using 70 -parameter bound function and polarized -orbital 

free-function (Bell and Kingston 1967) in the velocity formulation. 

..j. .j_ Calculated using 70-paramoter bound function and close-coupling free- 

function (Doughty et al 1966) in the length formulation. 

XXX Calculated using 70-paramoter bound function and close-coupling free- 
funotion (Doughty et al 1966) in the velocity formulation. 

O O O Experimental measurement by Smith and Burch (1969a, b). 
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have been included for comparison. A comparison of our results, with the 
corresponding results of Boll and Kingston and those of Doughty et al shows 
that there is considerably disparity both when the length as well as velocity 
formulations of the dipole matrix clement are employed. The disparity with 
the measured values is about 25% at the peak in the cross section against wave 
length curve and is not unexpected. The discrepancy between the present 
results and the measured or other theoretical results can be understood from 
the following reasons. In the calculation of photoionization cross section, one 
has to take care of exchange effect, electron correlation and the distortion of 
the residual atom. This may be done in several approximate ways. In our 
calculation wo have not taken into account electron correlation. Moreover, 
in the case of atomic distortion wo have included here only the adiabatic polariza- 
tion effect. Wo have omitted tho dynamic polarization potential (non- adiabatic) 
in tho sense of Callaway et al (1968). The exchange polarization potential (Boll 
and Kingston 1967) is also expected to play an important role here. The inclu- 
sion of these effects may influence tho cross section appreciably. The best over 
all agreement with experiment is obtained with the ‘velocity curve’. Tli.e same 
feature has also been pointed out by Cliandraseklrar (1945), Geltman (1962) 
and Doughty et al (1966), but in the results of Boll and Kingston (1967) the 
agreement is better with the length curve whereas the velocity curve overesti- 
mates the experimental values. Clearly our velocity curve exhibits the same 
shape as that obtained experimentally, being signifies antly low. Our curves 
agree fahly well with the measured values and tlie theoretical curves upto 
A = 6000 A. Above this wave length, our values underestimate the cross- 
sections to some extent. Our results, however, agree qualitatively with the 
measured values. The present results have shown appreciably improvement 
over those obtained by Chandrasekhar (not sl\own in the figure) using tho first 
Born approximation. Our agreement is in fairly good with the conclusions of 
Doughty et al who were able to reproduce tho shape of tho experimental curve by 
using their velocity calculations. Similar to Doughty et al and dissimilar to Boll 
and Kingston our length and velocity curves almost coincide at lower wave length. 
After A = 3000 A onwards our length curve goes above our velocity curve and 
at A == 8000 A length curve crosses tho velocity curve and it sharply comes 
down onwards. The velocity curve goes over the length curve after having a 
crossing with it and it has a flat peak between A = 6000 A and A == 10600 A, 
very similar natwe as experiment, and then comes down slowly. 

Finally, we like to mention that the present method is very simple and does 
not involve much computer time. 
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Abstract. We are considering here the scattering of a nucleon in a potential 
field. The sucoessivo terms of the scattering amplitudes for a potential of the 
type Ae-"^^lr (i.e. Modihed Gaussian potential) have been calculated with the 
help of the eikonal method. The first and second order terms of the series 
for the scattering amplitudes have been shown graphically and a comparison 
is made with the results for a potential of the Yukawa type. 

1, Introduction 

Tho most direct information about the nature of forces between the interacting 
particles is obtained from the study of collisions. So tlxe study of the scattering 
phenomena is an important subject matter in quantum mechanics. 

Tho eikonal approximation was originally introduced in quantum scattering 
theory by Moli4re (1947), and it has been considerably developed later by 
Glauber (1969). 

It is a semi-classical method and is a useful approximation technique when 
tho do-Broglio waVo longtlx A = hjp of the incident particle is suffi(dontly short 
compared with the distance in whk^h the potential varies appreciably. 

Tho method has boon quite useful in discussing the Scattering of very fast 
particles by smooth potentials. 

Detailed analysis of tho scattering amplitudes with a Yukawa or a super- 
position of two Yukawa potentials is available in the texts on quantum scattering 
theory (Joacham 1976). 

In tho present discussions wo take tho potential in the form, viz, F = — , 

whore A is the constant of poUmtial. Tho space dopondence of the potential 
is slightly different from that of Yukawa but this model also enables to derive 
results compatible with observations. Wo shall apply the eikonal method to 
obtain tho different terms of the series for tho scattering amplitude. Our dis- 
cussions will be confined to high energy non-relativistic potential scattering so 
that (the short wave length condition) and \A]IE 
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Calculation of scattering amplitudes etc. 

2. General form of the approximations 

Let us consider the scattering of a spinloss particle of ma^'s m by a real potential 
F(r). The wave function for a particle of energy B is a solution of the equa- 
tion (excluding the time part e~'EtiK), 

r) - U{r)t(K, r) (1) 

where 

C(r)= 

and 

^2 ^ 2m E. 

Then the solution of the equation (1) caoi bo written as (Lippmann -Sob winger 
equation) 

fgjir) = (2s)-»^*oxp(iK< r) + / Go(r, r') V{r')fKi{r'W (2) 

where Ki is the inmdent wave vcwtor and the Grwn’s function r') is given 
by 

47r I r—r' 


= — (27r)“® lim 
e— ►o-i- 




-le 


( 3 ) 


Since the potential varies slowly over the scale of the incident wave-length, we 
can factor out the free incident plane wave from the wave fiinction ^gjx)> 
that 

= (27r)-a« exp{(*K-« r)}<6(r) (4) 

where ^(r) is a slowly varying function (modelating function) when Kl{a)^ is 
large. 

From the equations (2) and (4), we find that ^(r) satisfies the equation, 


55(r) = l-(2;r)-» / dR J dK mr-Rmr-R) 


where we hare set U = r— r'. 
Introduce the new variable 


(5) 
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whoro K! being the integration variable from equation (8) and write 

^(r) = \—I(r). (6) 

SO that 

I{T) = (2,r)-» / d/J J dP 2 (7) 

Since the product is slowly varying, this integral is dominated by small values 
of PfK. Wo may therefore expand the qiianiity (2KiP+P‘—ie)-^ in powers 
of P/iT as (Schiff 1966). 

2Ki.p+P^-i€ 2KPz+P‘-ie {2KPg-ie) \ 2KPt-is I 

( 8 ) 

where ^-axia is chosen in the direction of the incident wave vector Ki S'l^d from 
the equation (7) we obtain 

J(r) = I<i)(r)+/<«^(r)+..* (9) 

whore ... are the successive terms when the equation (8) is put in 

equation (7). 

The correction terms etc. appearing in equation (9) is not only small 

with respect to is also small with respect to one, for K/(a)^ ^ 1 and 

\A\IE 1, (Byron Jr, Joachain and Mund 1973). 

Wo therefore replace I(r) by in equation (6). So, 

4>{r) = (10) 

Therefore, the corresponding value of the quantity is given by 

y, z; = 1— ^ / U(x, y, z—Z)^'^Kx, y, z—Z)dZ (11) 


whence 


^«>(*, y, z) = exp I — ~ ^ I7(», y, z')dZ' | (12) 

Therefore the approximate wave function ^B(r) which is known as the eikonal 
wave function is given by 

f*(r) = (2»r)-»'/^xp |tXi.r- ^ J^U(x, y,z')dZ ' } 


(18) 
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and the scattering amplitude 

^ exp { - -^ / U{x, y, 2')d2' J (U) 

whore A = Ki — Kf is t}>e wavo vector transfer. 

We adopt cylindrical co-ordinate system and decompose tho vector r as 

r = b+Za ( 15 ) 

whore b is an ‘impact paramcttjr*’ vector and tho cylindrical co -ordinate ay atom 
has been chosen with the dire(?tion of tl (unit vector) perpendicular to y. 

Therefore from (It) we nave 

whore 

X{K, 6) = - f U(b, Z)iZ (17) 

is tho eikonal phaae-shift function. 

For the potential having cylindrical aymraotry, we have from (16) 

/b = ^ r bJo(^b)lexp{ix{k, (18) 

By expanding the quantity oxp{i;^;(-K, 6)} in powers of x Q^nd hence in powers of 
potentials in equation (18). We get the eikonal scattering series 

/jy = S /jsr„ 
n-i 

whore 

i K 1 JomixiK, bn^bdb (19) 

7b l '' 

is the w-tb order term of the eikonal series. 

S« Evalaatioii 

From equation (19), the w-th order term of the eikonal series 

fxn - f ' ^20) 
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Here the reduced potential 


U{r)^ 


A'e 


— ar® 


2mA. 


From equation (17) 


X{K,b) = —~ £u{b,Z)dZ 

[Zi = r2-6a] 


A t ^ 

A' f e jj 

- K { Vra 

■8^o{a6*/2) (21) 

(Watson 1962). Whore is tho modified Bessel function of order zero. There- 
fore, 


K J MAb){ Koicc 6®/2) } * bdb (22) 

So that the terms of the eikonal scattering series are alternately real and imaginary. 
Thus 


/a, = _ 4^ f Jo(A6)e““^*/^ Ko{a b^l2)bdb (23) 

J 0 

/iS2 = 2^ f Jom[e~‘^'^ K,(ab^l2)ybdb (24) 

fE, = 3^, f Jo(A5)(e-*^*'® jro(«&®/2)}*W6. (26) 

Now equation (23) can be evaluated by expanding Jo(A6)- After some calcrUa- 
tions we obtain (Brdolyi et al 1954) 

A' r A* A* A* A® 1 

fsi = 2~ [ ^ ^ ” SiOa*"'" 15120i* 
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Now the collision being elastic. A = 2^: sin ^/2, where 0 is the angle of scattering. 
/b, = • y [l-| WV^*sin»&/2+j^(i:/V^^«ain‘(?/2 

S 1 A 

” 105 ain® <?/2 ...] (26) 

It is not possible to evaluate the other integrals in suitable closed forms. Wo 
use niunorical methods for their evaluation. 

From equation (24) 



'Va ' 8(]^/\/jx) L 2 


+ s /*1 

fc-t J 


(27) 


where, \/ a6 • - A, is the length of the interval aaid /*, is the value of the integrand 
at the A-th point of division. Similailj' /g, and oihei higher terms of tfie series 
(22) can bo evaluated. 

3. Results and Discussion 

With the help of the above method w(' can find tlic diffcrcint terms of the approxi- 
mate scattering wave function (oikonal wave function) and the corro.sponding 
terms of the scattering amplitudes £)rovided the value of the (ionstant of potential 
is assumed. Tlie contribution of th.e various terms ol' th<‘ sc.attering amplitudes 
are shown in Table 1 for different values of th.e wave number (if = 1, 2, 3, 4, 6 
Table 1. The number in the parentheses indicate the power of 10. 


K 

e 

(degrees) 

V® Kxil 

1 

0 

^ 6*00 (-1) 


30 

4-80 (-1) 


60 

4-42 t-1) 


90 

4-08 (-1) 

2 

0 

6 00 (-1) 


30 

4-19 (-1) 


60 

2-64 (-1) 


90 

1-62 (-1) 

3 

0 

6-00 (-1) 


30 

3-40 (^1) 


60 

1*70 (-1) 


90 

6-60 (-2) 

4 

0 

6-00 (-1) 


30 

2-63 (-1) 


60 

6*92 (-2) 


00 

3-04 (-2) 

5 

0 

6-00 (-1) 


30 

1*80 (-1) 


60 

6*60 (-2) 


90 

1-63 (-2) 


V® J/«al V® l/xal 


2-24 (-1) 1-16 (—1) 

2-20 (-1) M6(-l) 

2- 12(-]) M3( — 1) 

2-02 (- 1 ) 1-10 (- 1 ) 

112 (-1) 2 91 (—2) 

1-06 (-1) 2-81 (-2) 

9-30 (-2) 2-63 (-2) 

7-60 (-2) 2-40 (—2) 

7-36 (-2) 1-29 (-2) 

6-26 (-2) 1-21 (—2) 

4-76 (-2) 1-04 (-2) 

3- 20 (-2) 8-73 (-3) 

6-30 (-2) 7-27 (-3) 

4- 48 (-2) 6-62 (-3) 

2-66 (-2) 6-09 {-3) 

1- 61 (-2) 3-90 (-8) 

4-48 (-2) 4-60 (-3) 

2- 93 (-2) 3 96 (-3) 

1-60 (—2) 2-78 (-3) 

9 00 (-3) 2-00 (-3) 
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in units y/«) and various soattoring angles. Also | A' | taken to be of the 

order of one. 

For = I and l/\/a = 2xl0~^® nm, the energy of the incident nucleon 
i? ~ 20 MeV. 

The value of y/a |/bj| and - v/“ l/ffsl are also plotted graphically against 0 
where \A'\ly/a. ~1. 

We thus find that with the help of the eikonal method it is possible to cal- 
riilato tho Hoattoring ampJitudoB for a potential of the form (Ae jr). 



Figure 1 . Graphs for 

The Holid curves represent tho ordinary Y ** \/cl for the present potential 
and the dotted curves Y -- for tho Yukawa potential (in units of “o’* 

tho range of the potentials). 
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the slope decrfaS'LpiliT'^ Blrf ^ 

the form F,e-r/r. 

over anplea^rmor"” *«»y »ay that the spreading of the curve 

thl in the case of thr mortified Gans-ian jmtontial 

than in the ease of the Yukawa potential. 

0.134 



Figure 2. Graphs for l/ssi. 

The solid curves represent the ordinate Y === y/a |/ifa| for the present 
potential and the dotted curves Y ~ \fs2\ fo** t^he Yukawa potential (in 
units of **o** the range of the potentials). 
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It alflo aeem that the interaction energy is more spread out over angles in 
the former than in the case of the latter. 
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Abstract. A study of the joule beating of the ionosphere with a dominant 
bias on equatorial heating has been carried out. The heating produced by 
perpendicular and parallel components of oloctric field have been computed 
and it is shown that parallel electric fields although small and sporadic are 
very effecd/ive in heating the electron component of the plasma. The flow of 
(doctrojet current duo to the inhibition of Hall current in the equatorial ^-region 
of the ionosphere is likely to perturb the plasma and give rise to longitudinal 
oscillations. The interaction of these longitudinal oscillations ivith ion correla- 
tions mokes the plasma more resistive (Oberman et al 1962). The perturba- 
tional heating due to the collisional damping of these longitudinal oscillations 
has been discussed and it has been shown that they con largely account for 
the observed thermal non equilibrium in this region of the ionosphere. 


1. Introduction 

The lower region of the ionosphere is a seat of various energy sources. The 
gonoration and dissipation of thoso onorgios result into tlio gonoral boating of 
tho lowor ionosphork- region. Consklorablo olwtric field is prodnewi by the flow 
of oloctrojot current through the highly conducting .B-region of tho ionosphere. 
The inafmitude of tho electric field and conductivity detormines the heating 
of tho ionospheric region. Joule heating of tho equatorial and auroral regions 
has boon studitxl by a number of workers (Colo 1962, 1971; Kate 1962, 1963; 
Singh and Miara 1967a, b; Roes and Walker 1968). The joule heating studies 
have shown that tho ionospheric region around 100 km becomes non thermal 
and the electron temperature T* become.^ greater than tho gas temperature To- 
The probe moasuromenta of electron temperature in ionospheric region around 
100 km (Aono et al 1961, Spencer et al 1966) have shown the existence of thermal 
non equilibrium. Tho discrepancy between the calculated and inoa,surod values 
of (To— To) can be aocountod for only in terms of additional sources of heat m 
the equatorial and auroral olectrojot regions. Tho joule heating produced by 

199 



200 


P N Khosa and R N Singh 

perpendiculair component of electric field in the electrojot region has been studied 
and has been found to be insufficient for explaining the observed thermal non 
equilibrium (Cole 1962, 1971; Kato 1962, 1963). Jacchia et al (1966) have shown 
that the increasetl electron temperature in the electrojet region is correlated 
with the geomagnetic perturbation index. This correlation and the nature of 
electro jet current carrying layer led us to invoke the role of perturbed state of 
the ionospheric plasma in the joule heating. 

We have considered the onset of electrostatic oscillations and their damping 
to account for the observed heating of the olectrojet region. 

The possibility of the existence of parallel component of electric field in 
equatorial and auroral zone has been discussed both theoretically and experi- 
mentally by several workois (Fried et al 1966, Block and Falthammar 1968, 
Kolloy et al 1970, Muhleison et al 1971, Knight 1973, Ztnuda et al 1974, Lomaire 
and Scherer 1974, Murphy et al 1974). Mozer and Fahleson (1970) analyzing 
the results of a previously reported rocket borne experiment designed to measure 
the electric field over the auroral zone found that a parallel electric field of 
10 mv/m (with a maximum uncertainty of 20%) existed during the first 180 
seconds of the fiight whereas no parallel field was detected towards the end of 
the flight. Those authors also reported that the electron temperature arising 
from Joule heating was found to be lOOO^K above the ambient temperature 
during first few minutes of the fiight. We have, therefore, studied the role of 
transient parallel electric fields in explaining the observed sporadic electron 
temperature rise of a thousand degrees above the ambient temper atuie. 

2 » Joule heatmg*~of the lower ionosphere 

The ionospl^oric plasma is jx^rmeated by a static magnetic field. The positive 
z direction of the rectangular co-ordinate system used is taken from south to 
north and the positive y direction from west to east. The magnetic field is taken 
along positive z direction. In this configuration the electronic conductivity 
tensor (the ions have been considered to be stationary) is defined as 

Si ( 1 ) 


where ^2 represent the components of tensor conductivity and are 

known as the longitudinal conductivity, the Pederson conductivity and the Hall 
conductivity respectively. These are given by 


*0 = Neq^lniev 

== Neq^vlme[v^+Wee*) 

#2 = Neq^U}eeline{v^+o)cB^) 


( 2 ) 
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whore N 0 is the free electron density; the mass of the electron; v the electron- 
neutral collision frequency; Wce the electron cyclotron frequency; and q the 
electron change. 

The current density J can bo expressed in terms of different components 
of the electric field and the conductivity tensor as 

J< = SiicEj^ (3) 

where summation over repeated indicios is implied. With tlu^ help oi equation (3) 
the Joul(^ dissipation is expressed as 

- JiEi - piicEiEic. (4) 

Wo now assume the electrostatic field to li<^ in th(» plane. Equation (4) 

with this simplification is written as 

J.E =- E\8^ ainVi+^o (5) 

fn otiuation (5i sin /? represents the East- West electric field and Eco&fi the 
parallel electric field. The beat generated by Joule dissipation is sharml by the 
ambiemt plasma particles. The electrons being lighter gain maximum energy 
from the heat source in ilio beginning and thc^reaftor lose energy to hoavier 
particles in subsequent collisions. Tin* equilibrium electron temperature iu 
this lioatiiig process is governed by the corresponding energy balance (Uiuation. 
For electrons wo write the (‘iiergy balance equation as 

jpl^NeKTe) J.£.— „) (6) 


whoro S is tho fractional energy loss parameter of electrons to neutral particles. 
With tho help of equations (2) and (5) we rewi ite equation (0) as 


^Te-T^)+HTe-To) 


ZKme 


r sin* /? cos* T 

v* j 


(7) 


The Holution of equation (7) with the initial condition t - 0, Te - T„ is obtained 
and is written as 


,rp J, 

(2,. -Jo) - ^meKS' 


-exp(- 


-dvt)] [ 


sin*/? 

aioe* + .'* 


COS* 1 

J 


( 8 ) 


2.1. Heating of the ionosphere hg perpendicuUir electric field 

In the i?-rogion of the equatorial ionosphere tho electric field configuration 
in most situations is transverse to tho magnetic field lines although occasionally 
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a paraJlol electric field may also exist. In order to obtain Joule heating due 
to porpondicular component of electric field we put fi = 90*^ so that equation (8) 
can be written as 


rp m _ 2q^E^\l-QXp{-8vt )] 
^0- SKme8(wee^+v^) 


( 9 ) 


where is the electric field perpendicular to the magnetic field. In the E- 
region of tlio equatorial ionosphere the Hall current which flows at right angles 
to B and E polarizes the medium and produces an additional electric field 
which is sufficient for inhibiting the Hall current. Tl\o strength of Ep a»t the time 
of complete Hall current inhibition is given by the condition that the Pederson 
current due to Ep should be balanced by the Hall current due to Ex, i © ? 


8,E^ - S^Ep (10) 

or, 

S!p^d,ld,E^. ( 11 ) 

The total electric field responsible for producing Joule heating in equatorial 
^-region of the ionosphere is the vector sum of the two electric fields E^ and Ep, 
Using the conductivity dependent value of polarisation electric field we rewrites 
equation (9) as 


2AW[1 + V/Ji^1[l~exp(~-^v0] 

SmeK8(wce^-^v^) 


( 12 ) 


The electron temperature in the electrojet region is governed by variou»s para- 
meters appearing in equation (12). The electric field j&x 8*ud the ratio 
play an important role in controlling the rise of electron temperature. Using 
a constant value of Ej^^ = 2x 10“* v/m and the plasma parameters <;haracteristic 
of this region (w^g “= 5x 10® aec~^, v — 10*^soc“^ and 5 = lO”®), we have cal- 
culated the electron temperature variation with time for different values of 
(S 2 IS 1 ). The values of have been taken from the reported work of Suguira 
and Cain (1966). This ratio which governs the magnitude of the polarization 
field set up due to Hall current inhibition is fotind to range between 20 and 30 at 
an altitude around 106 km. It is essentially this large value of the polarization 
field in this region which drives the electrojet current. We find that the electron 
temperature increases with increase of time and attains a saturation value. 
The maximum electron temperature corresponding to saturation is characterized 
by the <^. 2/^1 ratio. The electron temperature is higher corresponding to higher 
values of (dJSi) as shown in Figure 1. The fact that electron temperature attains 
saturation after sometime shows that some sort of a thermodynamic equilibrium 
must be established between the rate at which the electron component receives 
heat energy from tlio electric field and the rate at which the energy is lost by the 
electrons to the ambient neutral particles through binary collisions. 
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Tho ratio tho oloctrojot current and tlio electric field are known to 

vary with height. Therefore, wo considered these viwiations and with tho help 



Figure 1 . Variation of electron tomperatiiro with perturbation time. 

of equation (12) wo hav(» obtaiiuKl the lioiglit profiler of electron temperature. 
For tho sake of clarity we havt) sliown in figures 2a the electric field values obtained 
from moasixrcxl eloctrojet cuiront and the c.ondiudivity x)rofilo tliat we have 
used in this calculation. Tlie height variation of E sliown in cairve 2 of figun^ 2a 
has boon obtained witli tlxo help of measured current deTisity and Cowling con- 
ductivity profiles (Singh and Misra 1967a, b). TJie other curve-I in figure 2a 
showing height variation of okwtric field is taken from tlie recent measurements 
of Subaraya et al (1972). The okx^troii tiuuperatiiros corresponding to those 
profiles are shown in figure 2b. Tlxe other curve in figure 2b corresponds to a 
constant value of E I mylm whicli is in fair agrcH^meiit with vaiious probe 
measurements. We find that the maximum value of is of the order 

of 50°K. 

2.2. Heating of the ionosphere by parallel component of the electric field 

One of tho most debated and conirovorsial questions in the ionospUoric- 
magnotospheric physics is tho possible existence of parallel fields. There has 
been increasing ovidenc<^ in tlio recent past basinl on ihoor<»tical arguments and 
experimental observations about their existence. Recent measurements of 
Muhloison et al (1971) have shewn that such fields with strengths ranging upto 
6 mv/m do exist in the equatorial ionosphere during the interaction of sudden 
bursts of solar plasma with the magnetosphere. The theoretical possibility 
of their existentjo has been discussed in the recent past (Knight 1973). Field 
aligned currents are known to flow in ionosphore-magnotosphoro coupled system. 
These currents give rise to transverse magnetic field. In response to the interac- 
tion between tho geomagnetic field and the solar wind plasma together with its 
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Fin^iiM 2 (a). Height profile of eleotrio field 
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variability the transverse magnetic fields generated by the field fidigned currents 
are likely to undergo a change. The motion of the transverse meignetic fields 
of the field aligned currents can lead to an induced electric field parallel to the 
geomagnetic field (Zmuda et al 1974, Lemarie and Scherer 1974), Recently the 
parallel component of the electric field arising due to the time variation of the 
field aligned currents in the magnetosphere has bcH>n obtained theoretically by 
Murphy et al (1974). In order to study the lioating of the ionosphere duo to a 
possible parallel electric field we put /? = 0 in equation (8) to obtain the steady 
state rise in electron tomperataro whi(‘h can bo written as 

Te-T^ = 2Eij;Yl^meKSv^. (13) 

In order to obtain the heating of the eUwtron component of the ionosphere we 
use the following plasma paramok*rs 

S = and v = lO^sec^^. 


120 



Figure (2b). Height profile of electron temperature. 

Th, of the ol.=tton ««. th. of p«-W 

d,.*™ add i. *o™ io figoto 3. The ri* m oteoteon tompordor. » found to 
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dop(md atrongly on tho raagnitndo of the parallel electric field. Although for 
electric field amplitudos larger than 2 mv/m in this region of the ionosphere non 
linear effects are likely to set in. Wo find that there can be significant heating 
duo to Joule dissipation of tho parallel eUxitric fields in the lower ionosjJiere. 



Figure 3. Heating of eleotrojet region by parallel field 


It is therefore auggostod that the measurement of tho parallel electric fioldb in 
the equatorial and auroral ionosiihero at tlie time of sudden bombardment of 
tho solar plasma should accompany of a simultaneous measurement of the electron 
temperature in order to establish the correlation l)etween tho two effects. 

3. Possible heating of equatorial electrojet by electrostatic oscillations 

The plasma in the equatorial oloctrojet region is in a turbulent state supposedly 
due to the inhibition of Hall current, evolution of giadiont drift instability and 
various otlior non linear effects. In response to these perturbations the electron 
y^elocitios form vortex patterns and reach values comparable to the mean electro- 
jet drift speed. Tho role of two stream plasma instabilities in this region has 
boon di8cu.S8od by Farley (1963) and Bunoman (1963). It was shown that tho 
plasma in this region sustains large amplitude electrostatic waves. Following 
these predictions the large amplitude waves were measured (Gdalovioh 1964, 
Imyanitov et al 1964, Imyanitov and Shvartz 1964). The ionospheric plasma 
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m the equatorial electro jot is woakly ionized plasma which is being porttubed 
by the magnetic fluctuations, induwMl oloctru: fi(,l(ls and tho wind sj'stem. The 
resulting small scale eU^otroaiatic oscillaliona give rise to a resonance in tho 
charged particles and damp out giving rise to an additional source of heat in 

this region. Tho energy balance equation which accounts for tliis additional 
aourco ia thus written as 


V ^ dt Jl ^ o 

^ = (E.J.)^ea«c static-- ^SyKNe{Te--TQ). (14) 


In order to calculate the contribution of the ehxjtrostaiic waves to electron heat- 
ing we use the Boltzmann transport oquatlori whi(*hj in the case of an originally 
homogeneous plasma can bo written as 




dt 


(16) 


For small amplitude electrostatic oscillations travelling in tho z diroc^tion we 
write 


E = JS7o^sm(co« | hz*) (16) 

where 1; is a unit veettor pointing in z direction. Substituting equation (16) in 
equation (16) and linearising wo obtain tlio differential < equation satisfitxl by the 
first order perturbation in the dLstribution function wliich can bo written as 

% ^ ^-r/, =- 0. (17) 

dt me dt7z 

Wo now assume that tho original distribution function /q is Maxwellian so that 

/o “ Ne exp(—v^la^)l7r^^^.a^ (18) 

whore = 2kTolm^e- Wo have assumed that the distribution function of tho 
hoavy particle component of the plasma remain>s unaffected and as such coiitinuos 
to remain Maxwellian. Tn presence of the electrostatic oscillations a small aniso- 
tropy will appear in the electron velocity distribution function in tho direction 
of tho improsBod oloctri<'- fiebl. From equation (18) we obtain by differentiation 
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Using equation (19) wo integrate equation (17) with the initial condition that at 
t = 0, /, = 0 to obtain 

/, = — sm(wt-\-k'z)—a> cos(arf+i'z) — sin k'z 
m«a*(<«)®+v*) '■ 

+ 0 ) 6 “’^ cos k'z]. (20) 

The current density can now be written as 

J, = g / Vzfidh (21) 

Equation (21) with the help of equation (20) is integrated to give 

Jg = ain(«»14- *:'*)— w co8(a>{+fc'z) 


— ve-''* sin fc'z-f-we""* cos k'z]. (22) 

If we put jfc' = 0 in equation (22) we obtain the current density arising doe to 
localized electric field oscillations of the typo E = Eg sin cot which can bo written 
as 


, _ NeQ^En 

“ TOg(«>a+v*)* 


sin(a)<— ^)4- 


Neq^u>E„ 

m«(<«>®+v®) 


where ^ = tan”^ (<*>/>')■ Equation (23) can bo rewritten as 
Jg — ain(oil— ^)+5tjE(g 


(23) 


(24) 


where 

(25) 

and 

Using equation (25) we have studied the variation oiSeffISo with angular frequency 
6> corresponding to different values of r (figure 4). The effective conductivity of 
the plasma turns out to be considerably higher as compaired to Sq, Further, the 
value of dt decreases exponentially with perturbation time and is reduced to 
zero for large values of t (figure 5). 



Jovle heating of ionoepher^ 



Figure 4. Variation of S«ffldQ with angular frequency for different valu 
of collision frequency. 



Prom oquation (22) we caoi write 

(E.J)tua,i-,iaUc == ~*^^5^j[v{l-OOS(2«i4-2fc'*)}-<«8m(2«^ 

— «n(«*+fc'*).ooe fc'*]. 


( 26 ) 




210 


P N Khosa and R N Singh 


Utting equation (26) wo can writo the energy balaaice equation (14) aa 
^NeK^-{Te-T,)+ puNeK{Te-To) 

— {E J)itaUe vcos(2orf+2fc'2)— <0 mi{2(ot+2k'z) 

sin(a>^+i'2).sin k'z 

+2<oe~''^ ain(a>f+fc' 2 :).coa k'z], (27) 


Equation (27) is integrated with tlie initial condition that (Te’—To) = 0 at ^ = 0. 
We thus obtain for 

(^r < < v) 

T^T ^ 2g^^x ^[l-oxp(-(^^0] [l f 

^ ® SkmeS{ct}ce^+v‘^) dkme(o}'^+v^) 


['■ 


s 


-Svl) 




'—dp cos 2 i' 2 ; oxp(— ^v^)+2a> sin(2a>i-l 2 i' 2 :) 
— 2<tf oxp( — vdt) sin ^k'z} 


-(Si' sin(2coH 2 fc' 2 )—Si' am 2k'z oxp(—#W) 


4a)2-fSV'^ 

— 2a> co8(2cof+2X?'z)+2a> cos 2k'z oxp(—Si'f)} 

, (2o} coH k'z—2v ffin k'z) r , > . i, 

+ L {u oxp(-^.t)sm k'z 


+ 0 } oxp(-— Svi) cos k'z—v ain(a>i4 Vz) exp(— vf) 
— to con{wt+k'z) exp(— vi)}]. 


(28) 


Taking v = 10® rad seo~^, S = 10® and <o = 6*10® rad soc”^, and i^ce ==6x10® 
rad/aeo and using equation (28) wo find that tho electron temperature due to the 
dissipation of electrostatic wavoa increases and after about 6 x 10“® sec attains 
more or loss a steady value. This behaviour of the electron temperature in 
response to electrostatic oscillations can be explained in terms of the energy 
relaxation time. For tho chosen plasma model the energy relaxation time 
(10~® sec) is largo as compared to the time period of the longitudinal field 
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10~® soc). T3>orofore, t}.c plasma doos not got time to relax so that the tem- 
p^i'aturo sottk).^ at )Somf) steady value. Tlio rise in electron temperature obtaintid 
from equation (28) coriosponding to different values of Eq has been tabulated 
below : 


No. 

E(^ (mv/m) 

(Te- 

1 

1*0 

96 

2 

1*5 

226 

3 

2-0 

Zli 


The lioating of tlio electron eompoiH»iit is fotind to be strongly dependent on the 
amplitude of tlio electrostatic osidllations. Large amplitude eloctrostatuj waves 
have been detected in tJio ionosplviro at ]*,igl\er altitud(»s (Scarf et at 1965, Gdalevich 
1064, Jmya'iitov cl al 1964). ft is likely that energy dissipated by collisional 
damping of tliese waves in the lower ionosphere may account for tlie observed 
non thermal equilibrium in the electrojet region . 

4. Reisults and conclasion 

We liave obtaitu^d the lieating of the electron component in the electrojet region 
and found tliat wh.oroas tlie lieating by the observixl pi^rpeiidicular component 
of tlie ele.itriit field (;an ajcount for a temporatun» rist'^ of about 50^'K, the heating 
duo to the collisional damping of small amplitude longitudinal oscillations could 
account for an electron t(»nq)isature rise of about 300' K. Tlie meet potent 
mechanism, liowover, lias btxm found to bo the Joule dissipation duo to parallel 
electric fields. W(^ h.r.vo k<hsi that tins mechanism can account for a sporadic 
temperature rise of tlie electron compoiuuit of a thousand degrees above the 
ambient tc^mporature or even more as sometimes observed (Mozor and 
Fahleson 1970). TJ\is ]\as led us to corn ]ud<‘ tliat future electron temptu*ature 
moasiircmonta .sliould bo canud out t<iraiiltaiioou,sly with tho moasuroinont of 
a poasiblo parallel olodrio fu ld iu oido:- to ustablisli tho irtontity of those parallel 
fields in tho Joido heating mocliajiism of tho ionospb.oro. 
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Abstract. Diurnal variation of neutral air wind profile for quiet and magnetic 
cally disturbed periods both for low and mid latitudes have boon computed 
and compared with the experimentally evahiated wind features. Theoretically 
evaluated wind features have been used to explain JD^t variation of /o-F'g* 


1* Introduction 

The critical frequency of F 2 -Tog,ion shows a marked diurnal, soa>sonal and 
latitudinal variations in electron density and height of the layer which are not 
in agreement with the variation on basis of simple Chapman theory. These 
anomalous behaviour were explained earlier by Yonozawa (1959) and Rislxbeth 
et al (1963) in terms of loss and diffusion processes but no satisfactory explana- 
tion could be given until the advent of neutral air winds (King and Kohl 1966) 
which are produced by solar lieating of the upper atmosphere. To understand 
the mid-latitude behaviour of equation of motion and continuity 

equations have been solved simultaneously and patterns of neutral air winds 
have been computed (Kohl et al 1968), Bailey et al (1969) and Cho and Yeh (1970). 
It is rather well known that during quiet periods these winds to a large extent 
are responsible for the observed behaviour of the thermosphere. Ihiring 
magnetically disturbed periods however the nature and dynamics of Fz^region 
becomes much more complex and no exact mechanism has boon proposed which 
can explain the observed structure and movements of neutral and ionised com- 
ponents of the a+mosphore. 

In the present paper wo have studied the morphology of Pg-region at low 
latitudes. The neutral air wind pattern both during quiet and magnetically 
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dinturbod poriodB have been computed and compared with the available oxpori- 
mental and theoretical roaulta. It is qualitatively shown that neutral wind 
may explain the ionospheric behaviour at low latitudes during disturbed periods. 

2. Numerical evaluation of wind pattern ; 

The horizontal neutral air winds are caused by pressure gradients which are 
produced by the heating effects of EUV radiations. The speed and direction 
of neutral air winds are mainly governed by collisions between ions and neutrals 
and Coriolis force, which is produced duo to the rotation of the earth. The 
other forces which govern the neutral air winds are viscous and gravitational 
force. To compute the neutral wind pattern the equation of motion of neutrals, 
including the effect of above mentioned forces, is written as 

^ ( 1 ) 


where U is neutral wind velocity 

Vi = ia the projection of U along B. 


B geomagnetic field 
£1 earth’s angular velocity 
g acceleration due to gravity 
fi coeflS.ciont of viscosity 

neutral ion collision froquoncy 
p neutral mass density. 

In equation (1) wo have considered viscous force caused by vortical gradient 
in the neutral wind velocity because the viscous force caused by horizontal 
gradient in wind velocity is negligible. 

To evaluate meridional and zonal wind pattern separately wo tiso tlio carte- 
sian co-ordinate system such that x axis points towards south, y axis points 
towards oast and z axis points vertically upwards. Thn x (meridional) and 
Y (zonal) components of wind velocity aie governed by the following equation : 


and 


= _i 

dt p dx p dz^ 


:^(f7,-F,)+2n?7y5in<5 

JSi 


dUy 

dt 



8insi+Cr,coa0) 


(2) 
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whore <f> is the goograplxical latitude. To evaluate ^ and numori- 

cally, w(? asaumo that the neutral density distribution follows barometric law. 
Uamg baromotnc law and tlve definition of gas pressure 3 »„ N„kT„, wo caai 
write meridional and zonal pressure gradients as (Stubbe and Chandra 1970) 




and 


dPn 

dy 


(Z. /.) 


216x10- 


OOS0 


Pn(z)T„(z) f /gl) dz'. 


io TJ(z') 


dt 


( 3 ) 


To ovaluato t]»oso pro^suro gradiontK the height variation of neutral density 
and tomporatiiro alongwith, the latitudinal variation of tomporaturo has to be 
known. If wo a^isumo that the latitudinal variation of tompoi ature at varicma 
heights remains constant and the height variation of tomporaturo at any one 
latitude (say mid latitude) is known then the hoig]\t variation of neutral tempera- 
ture for different latitudes are easily calculated In the present calculation 
wo have usod Jaccjhia (1970) model for winter months. A(;oording to th.is model 
the neutral density and temperature at 90 Km. height remains constant over the 
whole globe. Also tl^o minimum temperature Tc at any point on the globe and 
the exospheric tomporatmo are taken as 

= 383^+3-32°J?’io.7 

and 

= 498°+3-38°JP^io-7 (4) 

where i^jo -7 = watt m“^Hz“’ is taken to bo t]\o intensity of solar radiation 
at 10-7 cm wavelength. Tlie integration, in dotormination of pressures gr^adionts 
has boon carried out in tlie height range 90-300 Km. 

To >study neutral wind pattern in stc^ady state condition w^o must evaluate 
the contribution of viscous force and collLsioiial force alongwith. Coriolis force. 
Wi) have soon tliat the vortical gradient of heiglit variation of h.orizontal wind 
velocity is small and thus th.c contribution of viscous force is nogloctod in th.<^ 
present cahnilation. Further the neutral-ion collision froqiu>ncy for ((), 0"^) is 
taken as (Rlshboth 1972). 

--“"■SX'O-""' (-rta, )”’ 


where Ni{m-^) is the ion number density and neutral and ion temperatures a.nd 
masses are assumed to be equal. Using this procedure meridional and ?;onal 
wind pattern for quiet periods have boon computed. 
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For computations during magnetically disturbed periods we note that the 
pressure distribution, during high magnetic a?tivity, changes duo to preferential 
heating at high latitudes. The change in temperature with Kp index, empirically 
suggested by Roemer (1971) is written as 

^T = (21-4 sm^J+17*9)\K'p+003^P 

whore is the geographic latitude. Using the above relation and atmospheric 
model, tlio diurnal variation of neutral air wind pattern for low and mid latitude 
have boon computed. 

3. Neutral wind pattern at low and mid latitudes 

The computed neutral wind pattern for winter months are shown in figures (1) 
and (2). From the figure (1) we find that at low latitude the wind remains 
poleward throughout the whole day during quiet time. Calculation has boon 
made with and without coriolis force and it is found that apart from ion drag 


MERIDIONAL WIND AT LOW LATITUDE 



Figure 1, Showing the diurnal wind pattern at low mid latitudes during 
quiet and magnetically disturbed periods (-f-ve equatorward, — ve poleward), 

coriolis force is also playing an important role and meridional wind is controlled 
by the zonal winds. For a few hours in the mid-night wind becomes equator- 
ward, although its magnitude is very small. This pattern of wind is found to 
bo qTiite different from mid-latitude winds which remains equatorward during 
night-time and poleward during daytime. The day-time wind in mid-latitude 
which are poleward are of compatrablo magnitude to that of equatorward wind 
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in <Jio night wl,ich is not the case in aummor months. In summer, night-time 
win a art. strong and oquatorward and poleward winda are known to bo Fsmall 
in magmtudo in day l.ours (Gt>ialer (1906), lliahbeth (1968). Cho and Yeh. (1970)). 


MERIDIONAL WIND AT MID LATITUDE 



Figure 2. Same as figure 1 but for mid latitudes. 


RccHUitJy Bohnko and Ilarpor (1973) bav4> made moasuromont.s of neutral 
wirid,^ at low latitud(‘S hy incoliorrnt HcattcM* tochniqu(\ It would bo worth w}\il(» 
to compare tiic moasurod wind and wind calculated on thi^ basin of satollito drag 
motltod. In figure 3 wt^ hav<^ compared theoretically calculatt^fl wind and 

N-S COMPONENT OF NEUTRAL WIND 



Figure 3. A comparison of theoretically calculated wind and experimentally 
measured wind at a low mid latitudes. 
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oxporim mtally m^asurod wind. Wo find that both tho winds romain poloward 
almost throughout tho day. Bjhnko and Harper (1973) have discussed thoir 
results and concluded that wind will not be equatotward oven during night hours. 
Contrary to this calculated wind however shows equatorward wind in midnight 
though it is of small magnitude. 

Tho storm time wind has boon plotted in the same figure alongwith quiet 
time wind. It is soon that during disturbed conditions winds are always equator- 
ward. During tho magnetic storms due to preferential heating at high latitude 
tho temperature distribution is altered which is such that it augumonts tho 
equatorward wind and reverses tho poloward wind to equatorward in tho day- 
time. This typo of behaviour of neutral air wunds during magnetic storm has 
boon invoked by Evans (1970), Jones and Rishboth (1971), Obayashi (1972) 
to explain tlio iiKiroaso in i>oak density. Equatorward wind raises tho ionisation 
to liighor height of low' loss whicli consequently give rise to increase in electron 
density and height of the layer. This fact will be discussed in detail in the next 
section. 

4. Effects of neutral winds on tbe ionospbere 

Tho neutral air wind drives the ionisation along the geomagnetic field diiootion 
and produces plasma drift in vortical and horizontal direction which is responsible 
for tho observed features of ^^-2 region. Rajaram and Rastogi (1968) have 
studied tho D$t variation of f^F 2 and have shown that foi^’g shows asymmetric 
behaviour at a pair of stations on tho same longitudes. For example the 
variation during magnetically disturbed periods are shown in figure 4 which 
corresponds to Pacific and American zones at low-mid latitudes. In Pacific 
zone at Maui (dip 40°N) there is negative type of variation of /oJp 2 while at a 
station Rarotonga exactly at the same latitude (dip 40'’S) but in opposite hemis- 
phere there is increase in critical frequency. This shows that at a pair of station 
at tho same longitude but in opposite hemisphere during main phase of tho 
magnetic storm opposite effects are observed. This behaviour may bo qualita- 
tively explained in terms of neutral winds which during winter and on normal 
days remains poleward for all the time and moves the ionisation down the fields 
in a region of greater loss rate. Contrary to this on disturbed days the wind is 
of small magnitude os shown in figure 1, which is not capable of transporting 
the ionisation. Thus during winter positive storm effects may be observed 
while in opposite hemisphere equatorward component of neutral wind will be 
of larger magnitude and can transport the ionisation away. Therefore, during 
winter months D$t variation shows enhancement in electron density and in 
summer months there is depletion of electron density in the opposite hemisphere 
duo to horizontal transport of ionisation which will give rise to negative storm 
effect. 
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PACIFIC ZONE 



Figure 4, variaiioix oifoF^ in Pacific zone at a pair of stations in northern 
and southern hetnisphoro at the same longitude. Figure clearly shows the 
opposite variations at two stations on second day of magnetic storm. (After 
Kajaram and Kastogi 1068 ). 


5« Gondusions 

Tho meridional winds which are eaiLsed by solar heating are the main cause of 
the morphology of mid-latitude and low-latitude ionosphere. Apart from the 
mid-latitude whore winds are undoubtedly effective and capable of explaining 
almost all the observed features, it appears that their effect is quite significant 
even at low latitudes and they can explain the ionospheric changes during dis- 
turbed conditions. 

8 
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Vapour absorption spectra of 4,7-dichloroquinoline 
in the near ultraviolet region 
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Abstract* The present communication presents a report on the investigations on 
the electronic absorption bands of 4, 7'dichloroquinolino appearing in the region 
(3222<292.^A) in vapour phase. The 0, 0 band has been chosen at 3209A. 
The observed spectrum has been exjdained in terms of six 384, 666, 624, 1326, 
1463 and 1607 cm"^ excited state fundamental vibrational frequencies. 

1. Introduction 

From the Htruotiii'al point of viow, quinolino may bo oonaidored as a naphthalono 
molnciilo where one metbjne gropf) ( — OH-) in naphth.alene has been replaced 
by (— group at position 1. As obsorvod from ih(» structuro, the nitrogen 
atom of tlio ring will havf> a lone pair fd electron, s and due to tluH, quinolino 
molecule Ls expected to givo ri>sn a weak 7i—7r ti'ansitien in addition to the n-n 
trannition. TI’.o <deotr()nic and vibrational sptndra of quinoline h.as been Htudiod 
by Singli et al (1909) and by Wait el al (1970) for tb.e fir>st time. Studies on tlie 
electronic ab, sorption spectra of monos ub,stituted quinolines (Shashidhar et al 
1907, 1970, 1973) are al,so available. The present work on 4,7-dichloroquinoline 
has btwn under taken with a view to study the effect of substitution of the ortho- 
para directing and strongly interacting groups on the elecdronio transitioiiB of 
quinoline. Only one band system liaving limited number of the bands in the 
region (3222-2925 A) has h<m\ obs<»rv<»d- On tlio basis of the shift of the 0, 0 
band together with tlio strong appearance of the C—C stretching vibration, it 
has boon concluded tliat it is a n-n system. The n-n system could not bo traced, 
because on substitution, it shifts towards the shorter wavelength where the 
absorption intemsity being very largo prevents experimental observations. 

2. Experimental 

Pure chemicals obtained from M/S Koch Light Laboratories (England) were 
used as such without further purification. The absorption spectra was photo- 
graphed on Hilger medium quartz spectrograph. The path length of the absorb- 
ing column was varied fr€)m 0*5 meter to 2 meter whereas the temperature was 
changed from 25"'C to I00°C. The best experimental condition was obtained 
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at one meter path length of the absorption tube maintained at about 60°C. The 
bands listed in the table 1 in general are broad and diffuse and aa such the accuracy 
for such bands ia of the order of ±15 cm Tlio 0,0 band of the system has 
been chosen at 31153 cm~^. The system has been analysed interma of six 
excited state 384, 566, 624, 1326, 1453 and 1607 cm“^ fundamental modes. 
In spite of Several attempts for obtaining the fundamentals of the ground state 
no such band has been obtained. 


Table 1. Analysis of the near ultraviolet absorption spectra of 4, 7-dichloroquinoline vapours 


Intensity 

Position of 
the bands in A 

Position of 
the bands in cm~^ 

Separation 
from the 

0, 0 band 

Assignment 

msb 

3222.0 

31028 

0-125 

0-126 

msb 

3209.0 

31153 

0,0 

0, 0 band 

msb 

3200.0 

31241 

0-f88 

0-^88 

wb 

3170.0 

31537 

0+384 

0+384 

wb 

3154.0 

31697 

0+556 

0+566 

wb 

3146.0 

31777 

0+624 

0+624 

wb 

3114.6 

32098 

0+946 

0+384+565 

wb 

3097.3 

32277 

0+1120 

0+2x656 

msb 

3078.0 

32479 

0+1326 

0+1326 

msb 

3066.0 

32606 

0+1463 

0+1463 

msb 

3061.0 

32660 

0+1607 

0+1607 

wb 

3015.4 

33153 

0+2000 

0+666+1463 

wb 

2957.4 

33804 

0+2649 

0+2x1326 

wb 

2941.0 

33992 

0+2839 

0+1326+1607 

wb 

2925.1 

34177 

0+3024 

0+2x1607 


msb » medium strong and broad, wb » weak and broad. 


3» Discussion 

Quinoline, the parent molecule belongs to Cg point group in which all the forty 
five modes of vibrations are distributed in 31a' and 14a'' on substitution of the 
two chlorine atoms at 4 and 7 position the symmetry of the molecule is main- 
tained. In view of the Cg symmetry of the molecule, the electronic transition 
in question becomes A' — ► A' which is an allowed one. As a consequence of 
the allowed transition, it is expected to have a strong 0, 0 band towards the 
longer wavelength side of the band system. Tims 0, 0 band has been assigned 
at 3209 0 X. 
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Except the 0, 0 band, tho other bands whore the major part of the intonaity 
of the absorption is concentrated are at 32479, 32606 and 32660 cm“^. These 
bands involve excited state fundamental frecpuiiuues 1326, 1453 and 1507 cm“*^ 
respectively. Out of the three, the two vibrations 1326 and 1507 has boon 
found to be excited upto two quanta. Tho higher quanta of tho vibration 
1453 cm~^ could not be located with certainity because of the weak intensity. 
However, one combination has been obaervcxl. Those three vibrations are 
assigned as tho C-C stretching motion of tlie type n' which is the characteristic 
of tho ring. Th,ese vibrations will liorrespond to intense Raman bands at 1371, 
1469 and 1571 cra“i in quinoline and at 1379, 1460 and 1579 cnr^ in naphthalene. 

Tho vveak fundamental at cnr^ h.as been traced upto two quanta. 
Further the presence of this fundamental explains some other bands of the 
system in combination with oth.er fundi«n(»ntals. The vibration corresponding 
to this has been traced around 670 cm-^ in some methyl quinolines (Shashidhar 
et al 1967) and at 720 era"’ in quinoline (Wait el al 1970) in tho excited state. 
Hence on the basis of tlce magnitude of this vibration it I’.as bcMm concludrtl that 
this vibration is mass deiwrideiit and only bt'cause el this its magnitude has 
been reduced by a large amount on substitution of two chlorine atoms. In 
view of the assignment prop iscd for meth.yl quinolines this vibration has been 
assigned as in plant* skeletal deformation modt* of tlie type a . 

Out of the other two remaining fundamtmtals 384 and 624 cm' the 384 cm 
band has bwm assigned to central C-0 distortion rntnle and the 624 to 
C-Cl stretching mode. 
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Abstract, /o-vahios have been evaluated by the methods I and II suggested 
by Walvekar, the results computed by the two methods are compared. It 
is found that the method II gives bettor results and preferable to method I 
from theoretical considerations. Honoo the expression for R (r). the electronic 
transition moment for YO (B-X) band system is given as 

Re{r) = Con8tant(l— 0-6073r). 


1. Introduction 

The objoct of tl\o proaont invostigation is to put tho available oxporimontal data 
to rigorous tost in the light of tlio recent thooroth^al developments with 
reference to the beliavio\ir of tl\e (dcn^tronic transition moment {Re) variation 
with intermxclear separation r. The Yitrium Oxide YO (B-X) band system 
has been chosen for study because of its astrophysical interest. 

The vibrational transition probability electronic transition occuring 

in th<» intensity expression is given by tlio square of the overlap integral, 

qv'o*' ^ I i ^v'Re{r)irv"^r\^ (1) 

The theoretical methods of obtaining arrays of qv'v** depend upon the evalua- 
tion of the integral in the above expression under a variety of approximations. 
One of the approximations is to take an average of JRe(r) on the assumption 
that it is a slow variable over the possible range of r- values. (Herzberg 1960). 
Some workers have attemptexi to represent jRe(r) by empirical quadratic functions 
of th.inking that its negligence might lead to largo errors. !Frasor (1964) 
developed the f- Centroid concept in order to determine the relation of Re (f) with 
fu'v"- This formulation assumes the dependence of the electronic wave functions 
and hence of Re on the intornuclear distance Once this assumption is made, 
then it becomes necessary to evaluate integral (1) with Re under the integral 
(Herzberg 1960, Chamberlain 1961). This aspect has been studied by Walvekar 
(1976) one of the authors of the present paper and a method has been developed 
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by him to evaJuato tho p-Coiifficiont that occurfi in tho «>xpr,«,sion for Eg. This 
mothod IS found by Walvekar (1976) to givo bettor result for tile constant ‘p’ in 

the case of BaO (iS-^S) band system. This osp,K!t has bwii studietl hero for 
YO {B-X) band aytera. 

2« Theoretical Results 

Franck-Condon factors have binm evaluatcHl for the YO bands by the Bates 
(1949) numerical integration metliod. The mole<mlar constants luvided for the 
purpose are taken from the compilation of Herzberg (1950). Tlie re'v"-Centroids 
wore evaluated by tho numorunil integration method by the metluKl of Nicholla 
and Jormaiii (1950). Using those r<>,snlta the coeflfibient ‘p’ tliat occurs in tho 
expro.ssion for Eg ia evaluated by the metluxl suggesUxl by Walvekar (1975). 
This method depends on the assumption that Eg is a function of and is taken 
outside tho integral (1) for the evaluation ol p. Ni^xt ‘p’ value ia again evaluated 
by the method suggested by Walvekar (1976) by taking Eg inside the integral. 
For the purpose of evaluation of ‘p , Eg variation ia assnnuxl to be of linear form 
as suggested by Murthy and Murthy (1976). The ivxpei'iimnital integratcal 
intonaitios that are used for the purpose of (^valuation are due to Murthy and 
Murthy (1976). These results are entered in Table 1. 

Table 1. 


Observation Band 

r- Centroids F.C. Factor 
v'v" 

Pmr% 

p with Rt 


outside 

inside 

1 

0,0 

1-80929 

0-791482 




2 

0, 1 

1-89462 

0-184706 

pl,2 

-0-3949 

-0-6395 

3 

1.0 

1-73402 

0-178508 




4 

1,1 

1-82190 

0-424134 

p3, 4 

-0-6338 

-0-6109 

5 

1.2 

1-89782 

0-313729 

p4,5 

-0-44729 

-0-6371 

6 

2,1 

1-74982 

0-294908 




7 

2.2 

1-82692 

0-162086 

pa. 7 

-0-17889 

-0-4420 




Average 


-.O-3880 

-0-6076 


Pm»fi indioates tho result obtained by using the observations m and n. 

Murthy and Murthy (1967) have evaluated tho valuosi of Centroids and F.C. 
factors and our values agree with theirs. 

The method suggested by Walvekar (1977) has been used to study the equi- 
valence of the two methods based on the definition of two Vti''-Controids. The 
results necessary for the purpose are evaluated and entered in Table 2. 
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Table 2. 


Band 

prpVS^v'^v'dr 

plrlrvT^lfvdr 

p average- 

— p actual 

Outside 

Inside 

0,0 

-6-28782 

-8*207666 



0,1 

-f3 186234 

+4*157766 

0*0063 

0*0322 

1,0 

-2*880642 

-3*760173 



1. 1 

-4*672072 

-6*09867 

0*1389 

0*0036 

1.2 

+ 4*17962 

+ 6*466761 

0*0586 

0*0298 

2,1 

-3*71704 

-4*861966 



2,2 

-2*781386 

— 3*6306108 

0*2096 

0*0663 


For calculating tho results given in columns (2) and (3) of Table 2 the res- 
pective average ‘p' values from Table 1 have been used. The results in column (4) 
and (5) of Table 2 represent the difference between the p average and p actual 
values taken from Table 1 . 

3. Gonclusion 

It is found from the results in Table 1 that with tlie introduction of 7?e inside 
the integral, though the p-valuo varies from band to band, this variation is small. 
This is evident from the Pave ^-pact’ values entered in Table 2. Tho individual 
values come closer to the average value of —0*5073. Hence there is an improve- 
ment in tho results over those evaluated by tl\o otlier metluxl. This is in agree- 
ment with the observation of Walvekar (1976) for the BaO-band system. The 
second point that needs to be stressed is that r- Centroid concept should lead to 
the same result of p irrespective of the method used. But that is not so. On 
the basis of the definition of fv'/- Centroids the values of ^-nd 

p J rp^ij'ryf/^dr should bo the same. But the result>s entered in Table 2 show that 
they are not. This aspect has been studied by Walvekar (1977) previously in 
the case of BaO and BO-a-band systems. Our observation in the case of YO 
is fully in agreement with his. Apart from that even the values of ‘p’ evaluated 
by the two methods should bo the same. But they differ. Method II suggested 
by Walvekar (1976) involves no approximations and hence i+ is preferable. Hence 
the expression for Be{r) for YO (B-X) system of bands is 

R^{r) = Constant (l-0*5073r). 
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Abstract. Tho effect of a large transverse magnetostatic field on parame- 
trically excited accoustic waves has been investigated for the case of 
piezoelectric semiconductors. The analysis is based on the hydrodynamic 
model of a plasma under tho collision dominated regime for < < 1 . In 
a magnetoplasma (toc o}p) the condition of instability gets modified and 
is obtained at a lower value of tho high frequency oscillatory electric field. 
Numerical analysis has boon made for w-InSb at 77°K when the crystal is 
irradiated with a near infra rod laser (e.g. 10.6 ^m COg laser). The 
magnetostatic field {Bq ^ 10.0 tesla) reduces the threshold electric field to loss 
than half its value in the absence of Bn. 

1. Introduction 

Th.o parametric excitation ol‘ low i'requt^iicy acountio Avavos in piezoelectric 
somiconditctoi s' vva,s first iiiA^eHtigated by Kaw (1973) in the absence of magnetic 
field. Later Sundaram el at (1974) studied the same proWom using kinetic 
appi'oacli. The above analyses were made for Itomogoneous somiconductor- 
plasmas when a high frequency os<dllatory electric field projiagating longitudi- 
nally inleracds with the comparatively low' frequency acoustic wave. Tt has 
been sIioavti by Kaw (1973) that the coupling boiwwm the acoustic waves and 
the plasma waves is bettor at higher values of the w^ave number h and low value>s 
of the oscillatory electric field is sufficient for instability. Pantcll and Soohoo 
(1970) have studied analytically tho amplification of acoustic waves in tho presence 
(jf a dc electric field as well as an oscillatory electric field in a piezoelectric semi- 
conductor wlion tho frequencies of both the oscillatory electric field and the 
acoustic wave are small in comparison with the electron collision frequency and 
obtained the gain constants for the regions hi and ^ 1 , where I is the 
electron mean free path. They have shown that the modulation on the olootro- 
magnotic wave is transferred to tlie acoustic wave with a considerable gain factor, 
depending on the semiconductor. Houck et al (1907) have shown experimentally 

* Work partially supported by U.G.C., India under the Kesearch Project, ^'Instabilities 
in Solid State Plasmas”. 

+ Present address : Department of physics, Bavishankar University, Raipur 492 010 
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(u«ing inductive (direct eloctromagnotic) gonoratioii and a piezcx.loctrie transducor 
a* 0 c or or awouatic wavea) that an oxtornal alternating field genoratoa 
CO oren aoonatio wavoa in a metal when a large inagnotic field ia proaont. 
Nis akawa and Lui (1976) have diacuaaod in detail the theory of couplod-modo 
parametric excitation by a homogeneous pump in plasma. Th,o purpose of this 
paper is to investigate analytically tlxe effect of a large transversi^ dc magnetic 
old Bo parametric excitation of aisuistic \vave in piezoelectric semiconductors. 
The magnetic field Bo taken so largo that the electron cyclotron frequency oc 
ia comparable to the electron plasma frequency wp and the medium becomes a 
magnotoplaama. The doped semiconductorjSH~7?-GaAH, yi-InSb etc. are ideal 
systems in this respect (Platzman and Wolff 1973). We have applied the 
established method of Bors and Briggs (Baynham and Boardmau 1970) to 
examine the nature of instability and analytically it lias beem setui tliat the 
system supports absolute instability. Tbc^ present analysis furtlier reveals that 
the instability of the acoustic wave can be cmml at smaller values of k and 
in the presence of a large transvc^rsi^ magnetic field. TJie growt]) rate |Q/j as 
^veli as the phase velocity of the unstabl<‘ mode liavo also been obtained analyti- 
(?ally. The results have been discussed for the case of v^TnSb at 77°K. 

2. Dispersion relation 

We use hydrodynamic model of a homogeneous infinite semiconductor --plasma. 
A liigh frequency oscillatory electric field uniform in space, is applied 

parallel to the wave rector k (along x-axis) and tlio ilc magnetic field Bo taken 
normal to k (along s-azis). Wo neglect the non -uniformity of the high frequency 
oscillatory oloc;tric field under the dipole approxirnatioii when the excited acoustic 
and electron -pi asm a waves have wavohmgths which are very small compared 
to the scale length of electromagnetic-field variation (Kaw 1973). We have 
also assumed coq( ^ cop) ^ v, where v is the electron collision frequon(;y. 

Wo start with the following basic equations : 


-^ + ^0 —{Eo cos +ro X 

ot m 

(1) 

d^u d^u Q dE 

(2) 


BE _ en_ d^u 

dx e e dx^ 

(3) 


(4) 

^+(Oo.V)» = -{E+pxBo)-^-^V^-vv. 
ot ^ m mn^ 

(5) 
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The equations and the notations used are explained by Kaw (1973) except the 
aidditional terms necessary to incorporate the effect of transverse dc magnetic 
field Bo\ is the Boltzmann’s constant. 

We assume that the acoustic wave has a frequency such that Cl^w^ and 
the perturbations are proportional to exp[i(i?a?— £10]. The transverse acoustic 
wave is piopagating in such a direction of the crystal that it produces longitudinal 
electric field; for example in n-InSb if fc is taken along (Oil) and u is along (100), 
the electric field induced by the wave is a longitudinal field. 

Using equations (2) and (3) we obtain 



Differentiating equation (4) with respect to time and using equations (1) and (2), 
we obtain 


~ +WRhi+v^^+^k^u+ik.Vo(^-n,^) 

ikn ^^jE?oCoa a>o«— (7) 

where oie = the electron cyclotron frequency; ccji® = a>|)®+P(iBr/m), 

wp being the electron plasma frequency given by wp = {nQe^jme)^, e — CqCi, 
€i being the lattice dielectric constant and Cq is the absolute permittivity. 

Under collision dominated regime (v ^ £2, k vo)y we obtain from equation (7) 


-^ + Z^Rn+v-^^ + {nQ€film€)k^u ^ --iknE 

where 

Tur^ = a}R%l+a}e^l(v^+We^)] 

and 

E = ^EqCOB oio^— wcVov- 


(8) 


Equation (8) can now be resolved into two components (fast and alow) by writing 
V = Vfa+Vii and n = n/a+nsi (suffixes fa and al represent the fast and the alow 
comi)onent respectively). Hence one obtains 

+ = —ihritiE (9) 

and 

(wii*— = —HeufaE 


( 10 ) 
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tifa have oomponenta at froquonoioa Thua from equation (9) one gets 

+llW-{£l-woY-i{Q-u>o)p}]. ( 11 ) 

Aaauming wo wii(~ wp) and Q < w„, wo obtain from equation (11) 


nf = i f fuR 1 

<^R‘ L£l+^+fr Q — ^H-ivJ 


(12) 


where d = to^—toR. 

Using equations (6) and (12) in equation (10), wo get 


= —<Op^ 


/W 

ep 


(13) 


Equation (13) reprosonta the general disperaion relation of the acoustic 
wave for tho region kl ^ 1 for piezoelectric semiconductors in the presence of 
a transverse dc magnetic field. Wlion Bq = 0, equation (13) becomes analoguous 
to equation (9) of Kaw (1973). 


3. Resolts and discussion 

From equation (13) it ia noticed that for ^ = 0, wo obtain tho usual equation 
Q® = [clp)k^ for tho sound wave in an elastic medium. When tho high frequency 

oscillatory electric field Eg = 0, we find E = 0 and equation (13) reducoa to 

where 

A = K^kW, »,* = cip, K* = /?*/ec; 

Vg being tho acoustic velocity. Equation (14) represents tho damped acoustic 
wave and ia analoguous to equation (10) of Kaw (1973) with y? 7^ 0, and ^ 0. 
It ia clear that the presence of tho high frequency oscillatory electric field ia a 
necessary condition to obtain tho instability of the acoustic wave. Ijot ha take 
Eo ^ 0, then equation (13) can bo written as 

[Q*- = 0. (16) 
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Tn order to obtain analytical information from equation (16), we rewrite 

it as 

=0 (16) 

Assuming Sji* ^ iflu, equation (16) reduces to 

(17) 

cohere 

(r = wBr — z=: / 0-7 janv • 

It can be shown that the solution of equation (17) supports the existence 
of absolute instability for which we apply the established method duo to Bers 
and Briggs (Baynham and Boardman 1970). Accordingly there must exist a 
complex frequency with i2< > 0 at which two roots from opposite halves of the 
complex k plane will merge. Tn order to show that this condition can bo achieved 
in otir problem wo rewrite equation (17) in the following form 

== 0 (18) 

where 

Dj ^ 2^2(1 +K^)Vs^e^Eo^l(m^a>pv), 

* m^wpv ^ 

and 

Da = — 2wp*£l*. 


Equation (18) yields 

jfc* = -Dal2D,±{DaViW-I>,ID,)*. (19) 

These roots ■will coalesce at 


km=±(\Da\l2D,)* 

when 

provided that ia negative, which is possible in our case (for co^^Q). 

Substituting the values of and Zlg equation (20), and assuming 
k^k^TIm) cop®, we obtain 


*— db ^ 


wp^m^p 


r 


(20) 

( 21 ) 

1 , 
( 22 ) 



pQifO/tmtTtc exchtoiion of acoustic waves 233 

Tho solution of equation (21) jriolda (for Q = Qr+^Qi Mid separating the real 
fuid imaginary parts). 




and 


“■-i [-^ 

£ir = y/2£li or 0. 


(23) 

(24) 


Thus those two roots coaloaco in tho coiuplox i-plaaio with t2< > 0 at a value 
of kfn given by equation (22). Thus the system supports the existence of absolute 
instability. Tho growth rate of tho unstable mode is given by | Oi | . 

With this establisl\(Kl fact at our difiposal we now proceed to obtain tho 
thtoshold electric field and tho growtli rate 1 Qi | of tlie unstable mode. 

From equation (17) we get 

wl\icl\ yields 

a = (2«) 

provided that 

4{^(6?-«j,®)|-fcW} (27) 


Tlu> acoumtio wavt> will bo uiiatablo wlioii (r < 0 


i.o. 




2k^E^8 


(28) 


This condition can bo satisfied only when 

(a) > 0 i.o. > WH, 

and 


(b) 


’2k^E^S ^ _ . 


(29) 

(30) 


Optimization of (30) with respect to 8 yields 8 — v (Nishikawa and Liu 197b). 
Thus the threshold value of tho high frequency oscillatory electric field £?o neces- 
sary for the instability (£lj > 0) is obtained from (30) as 
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where equation (1) is used to obtain as 


= 


tt)e 


V— tw„ 


‘'W 


with 


»o« = 


-»a>n 


m (v — *<«»(,)* +<oe* 




(32) 

(33) 


From equation (31) one can notice that at £„ = (>, the necessary value of 
reduces to 

■Bo > 

which is different from that of Kaw (1973) ay ho Holved equation (9) (Kaw 1973) 
using binomial expansion whereas we have solved the dispersion relation alge- 
braically without any such expansion. 

Our next object is to obtain the value of necessary for the instability 
(with > 0) in the magnetoplasma (ci>c~ ^ v). Under such circumstance 
condition (31) yields 

,il5) 


Comparing tlie expressions (34) and (36) we get for instability 





(36) 


From equation (36) we observe that in a magnetoplasma (coc wp ~ too), 
the value of the high frequency oscillatory electric field JBo necessary for the 
instability can bo reduced appreciably in comparison to the unmagnetized somi- 
conductor-plasmas. 

To obtain tho growth rate jQil and the phase velocity (= Qr/A:) of the 
unstable mode we use equation (26) which yields 


and 


'* fffi )+*■'■■}-■' ff]‘- 


(S8) 
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Let us now apply tlio analytical rosulta to the case of a semiconductor like 
ti-InSb at 77K. The physical constants used for numerical calculations are : 

Carrier concentration % == 

Effective mass of electron m — 0-014 m^, 
lattice dielectric constant ei = 18-0, 
acoustic velocity Vg = 4-0 x lO^m.soc*^ 
electron collision frequency v — 3-5xl0^%oc“^ 
density of w-InSb p — 5*8x J0®kg.m“^ 
piezoelectric constant p = 0-054 cm“^, 

Mq being the free electron mass. 

For jfc = 5 X 10®ni~^, the value of is found from (34) to be 3-54 X 10*V.m“'^ 
ftt ^0 == 0- Sudi an electric field can 1 ji> obtained by irrailiating tho crystal 
with a 10-6 /tin COj laser with <uo ~ "p- 'a-InSb magnotoplasma with 

10-0 Toflla, w« observo from (36) that at tho aamo valuo of k, (^0)^ 

~0-4. Thus one may infor from this that tho pararaotiic excitation of an acoustic 
wave can easily bo observed in a magnotoplasma with a much lower valuo of 
tho high frequency oscillatory electric field ovon at a lower valuo at k satisfying 
tho condition kl 

Tho heating of tho electrons duo to the olixitriii field enters only through 
tho thermal corrections for dispersion electron-plasma wave. Wo have assumed 
kl < 1 and wj, > r; therefore, v'hero An is the Debye wave length. 

Tims one can assume k'^ksTIm,} whence ior becomes equal to wp m tho 

long wavolcngih region. 

For tho cho»son paranu^tors it can further be sliown that 
(vA jGf 4{d (1 - 0.3,*/ 1 1 ) 

which satisfies condition (27) and constspiontly tho phase velocity is obtained 
as 

= l{A(l-<op^l \0\)+kW}*- 

Calculations show that d(l-V/|0|)< hence tho phase velocity 

of tho unstable acoustic wave is found to be nearly equal to the acoustic 
V, in the crystal. The corresponding growth rate 1 Q<1 ia found to bo of the 
order of 10*sec-h Tho growth rate at 2J„ ^ 0 is slightly smaUer than that at 

Bo = 0. 

10 
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Abstracrt. Assuming an appropriaite velocity distribution function for the 
sheath region and considering a sharply bounded ion sheath we have solved 
Poisson equation and have studied the temporal and spatial variation of 
electrode potential. An expression for sheath thickness has been derived 
by equating the space charge limited ion current and random ion current. 
The temporal and spatial variation of steady state sheath thickness and its 
variation with d.c. bias potential have been comput-ed. The diagnostic role 
of electrodes immersed in plasma has been discussed. 


!• Introduction 


Tho ohango in impxdiinco of oloetrodoH inunorsixl in ioniztxl gaa lod to the recogni- 
tion of cha-go-sli.^ath formation aronnd olwtrodes. In tho study of dischargo 
phonom ma on laboratory scale the ehavge-ah.eatli formation playwl a dominant 
rolo and was approximately aocounhxl in the inieipretatitm of exporimental 
results (Huddlestono and Leonard 1905, Swift and Schwar 1970). Tho advent 
of spa.10 age simulatoxl tho conditions of a giant moving olo<-,trodo (space vehicle) 
into oxtondod and weakly ioniz»>(l gas (the ionospliero). Tho first experiment 
with space vehicle was .^anied out by Ja. kson (i95?) and tlte diagnostic features 
of an+ennas immors(xi in pla ima were outlimxl by subsequent workers (Jastrow 
and Poarso 1957, Jaikson and Pi.^ka- 1957, Jackson and Kano 1959, 1960, Rose 
and Clark 1961, Kane e.t al 1962). Tlie role of shoath formation around an olec- 
trodo imm.crscd in ionospheric pla.sma was fully dovolopod by above workers^ 
Tlu data thus ob^am.xl wore analy.siHi by accountaig for the shape and size ot 


the shoath. 

Tho intent of the present papor is to bang out systemati,-, time evolution of 
sbeath around an oloctrodo immersixl m weakly ionized and tenuous ionospheric 
plasma. Tho ionospheric plasma is a tenuous plasma for which electron te^^ 
tore is comparable to tho ion tomperaturo. This piirmits 

Lamrmnir theory (1924) for ionospheric plasma. Using this theory tho tme 
LlLion of floating potential on tho electrode has boon obtained ^ mt«ratmg 
tho approptiate Poisson equation. The computed results have boon compare 
* Present addressT Pla.ma Physics Section. Bhabha Atomic Research Centre. 
Bombay 400 085 
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with the work of Anderson an(^ Walsn (1971) which assume? the presence of free 
streaming* ions. On tl»c other hand wo have assumod the ions to bo immobile 
under electrostatic forces and they constitute current only duo to thermal motion. 
Our formulation predicts larger steady state floating potential on the electrode. 
The spatial variation of floating potential on the electrode has boon calculated. 
An expression for sheath thickness has been derived by equating the random 
ion current and the space charge limited current. The dopendonco of slieath 
thickness with electron density an<l dc bias has been studied. 

2. Charge fifheath formation 

When an unbiased electrode is immersed in a plasma, the lighter plasma particles 
(electrons) collide with the oloctro<lo more often as compared to the heavier 
plasma particles (ions), the latter having less thermal velocdty than that of 
electrons. As a result of this process a floating potential negative with respect 
to plasma potential is b\iilt-up on tlxo surface of the electrode in contact with 
the plasma. As soon as the negative potential develops on the electrode, the 
electrons flow is reduced and the flow of ions continues to increase till an equili- 
brium state is reached. In the equilibrium state, the region around the electrode 
deficient in electrons is called an ion-sheath. The plasma sheath whose thickness 
is of the order of Debye length shields the entire plasma from the effect of negative 
potential on the immersed electrode. In the steady state condition there exists 
a difference between the ‘floating potential’ of the electrode and the plasma 
potential. This difference of potential results into a space charge field near the 
sheath-plasma boundary. The nature of sheath depends on the shape, size 
and material of the electrode, and also on the plasma parameters such as electron 
density, collision frequency and tomperatiire of the plasma. The magnitude 
and frequency of the biasing potential also brings in interesting changes in observed 
features of charge sheath around electrodes. The cdiarge sheath are broadly 
classified as; D.C. sheath and R.F. sheath. 

3 Kinetic theory of DC plasma sheath 

The size and shape of sheath around an electrode depend on the kinetics of the 
plasma particles, the density, temperature of the plasma particles ai^d inter- 
particle collisions. It is difficult to account for all those details in the analysis 
of sheath formation, therefore, simplifying assumptions are often times made. 
The thickness of sheath is small therefore the sheath region is considered to be 
collisionless and characterised by Mawoll-Boltzmann distribution function. 
An infinitely conducting and perfectly absorbing plane electrode is assumed to 
be situated at a; = 0 and the region a; ^ 0 filled with neutral plasma. The 
dynamics of the electrons in the plasma is governed by the electric field described 
by a scalar potential (f>{x, t). The distribution function of the electron component 
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in the plasma is thus written as 

where k is Boltzma,nii’fl constant, and 71 ^ is the number density of okxjtrons at 
points where the olootrio i)()tential vanishes. The averages electron number 
density at a point x in the sb.eath is given by 

ne{x,t) == J/(r, Vi t)dvi 


= 4:7rnQ 


( 


me \ 
27TkTe ) 


exp 



V- exp 



MeV^ 

WTe 



which, on simplification, gives 


We(a?, t) = Too exp 


( 2 ) 


At any time t, the electron current density, jg{x, t), is ohtaineil by integrating 
—^'Oxi(r, v> t) over a region ^ 0 of tl'.e velocity apace. Wo obtain 


jeix, t)=r —e f fir, V, t)vj,v. 


(3) 


Substituting for /(r, v, t) and evaluating the integral, tl>e expression for current 
density is written as 


je(x, t) = 


— »o« 


( 


kTe \i 
27r77le I 


oxp 


rp^6(^,_j 

L kTg 


]■ 


(4) 


The positive values of are taken while evaluating the integral in equation (3) 
because the electrode has been assumed to bo i^orfectly absorbing. The sheath 
is formed due to transport of electrons and the ions being massive and moving 
randomly are hold up at certain distance from the oloc'.trodo. This situation is 
contrary to the Bohm criterian generally applicable in the case of dense plasma 
with Te > Ti and biased electrodes. Therefore, wo assixme a sharp boundary 
for ion sheath of density n which is formed around the electrode and is equal to 
ambient density Since the sheath-thickness is small companMi with the 
dimensions of the electrode, the potential t) at anj^ time t is described by one 
dimensional Poisson’s equation. 
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Substituting for n$ from equation (2) and writing Ui = we fowrite equation (6) 
as 


t) 

dx^ 




[ 


1— exp 



(6) 


In order to aolvo this equation for temporal variation of potential distribution, 
Wo define dimensionlohs variables 

X = xfXo, 

= (7) 

whort) Xj) (GqIcT g/npe^)! is the well known Debye length. Using th.eae variables 

equation (6) simplifies to 


Tx^ 


[1— oxp(— $)]. 


( 8 ) 


In order to obtain the spatial and temporal behaviour of $(X, t) it is essential to 
impose appropriate boundary conditions. In this case wo assume that the 
potential and its gradient vanish as a: ^ — oo. Integrating equation (8) with 
respect to X and applying this asymptotic condition, we obtain 
2 

’( 'S ) "" 2[$+exp(-4.)-l]. ( 9 ) 

Putting a; ~ 0 in oquation (9), wo obtain an oxproBsion for tlio potontial gradiont 
at tho olo(itrodo at time t : 

= 2J{*(0, <)+exp[-$(0, t)]-l]i. (10) 


hrom Gauss law the electric field of a plane, infinite and conducting electrode is 
known to be independent of x and is written as 


d<p _ <r 
~dx~ ~ e„ ’ 


( 11 ) 


where <r is surface charge density which results duo to differential mobility of 
electrons and ions. According to Langmuir theory of sheath formation the 
random ion current density reaching the fixed electrode can be approximated 
as (Hoegy and Brace 1961). 


ji = «oe 



( 12 ) 
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whoro 6, OTij and aro tlio chargo, mass and tomporatnro of ion rcsptKitivoly 
and Tifl ambient ion density. Tlu* snrfaoo charge density on the electrode is 
obtained with the help of equations (4) and (12). 


o-(0, t) = 



kfe J J 


dt 


(13) 


Substituting for o'(0, t) in equation (11) and rearranging in ttirms of dimensionless 
parameters wo rewrite equation (11) as 


where 


d4>(0,<) 

dX 


1 , ( 

An \ 2nmi 





(14) 


The linear relation between 0(0, t) and t is obtainotl by differentiating equations 
(10) and (14) with respect to t and equating their right hand sides. The resulting 
expression is written as 


dt Aj) \Te) \2mni ) 1 1— exp(— O) j 


(16) 


Rearranging equation (15) wo equate for a dimensionless parame^ter 


T --■= t 


^(0 q 
\Ti) I 


[l-~exp( — 0 )1(/0(O, t) 

[a(Te/T<)Voxp'(-0)-~lJ[0“+oxp(~0y--i^^^^^ 


(16) 


whore Apt == (?^o^^/m/eo)l is ion plasma frequency. The analyliical solution of 
equation (16) is not possible, tliereforo, the t<raporal variation of floating potential 
on the electrode has been obtained by numerical integration of equation (16). 
Further, the spatial variation of the time varying elocitrodo potential is obtained 
by integrating equation (9) with respect to X and using the asymptotic condition 
at a; = — oo, 

_ 1 ♦(f • «) d<i>(Js:,<) (17) 

2* *(0, t) [^+©xp(— ®)'^1]* 

The anal3diical solution of the integral in equation (17i is not possible, therefore, 
the computed results from equation (16) have been used to ovaluatie equation 
(17) and study the variation of floating potential within the sheath and plasma 
regions. Figure 1 shows the variation of floating potential with dimensionless. 
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pa»ra,motoi r = Apj The results obtained by this procedure aire compaired with 
the results reported by Anderson and Walsh (1971). We find that for small 
values of r the Anderson and Walsl\’s formulation gives higher potential at the 
electrode (dotted curve in figure 1) and for certain value of r the two formulations 





Figure 1. Variation of dimensionless electrode potential r) with t for 
different TejTi and a® = 1836. 


give same potential as shown by intersection of the two curves. Our formulation 
gives higher electrode potential for higher r values. Therefore, we find that 
the time required for the floating potential to roach a steady state value is different 
for the two formulations. The most important effect of assuming the ions to 
be immobile is to enlianco the floating potential on the electrode. Further it 
is seen that the steady state potential on the electrode is reached in a compara- 
tively longer time. Within the framework of Langmuir’s theory the effect of 
electron and ion temperature ratio on steady state electrode potential and rate 
of rise of electrode potential have been displayed in figure 1. The higher T^jTi 
ratio IS found to establish a higher steady state potential on the electrode. The 
rate of rise of steady state potential is seen to increase rather slowly with increas- 
ing TejTi, The spatial variation of the electrode potential for different values 
have been shown in figure 2. The potential at the electrode a?/Ax)-> 0 is maximmu 
and is found to decrease with increasing value of At a fixed distance from 

the electrode the potential is seen to increase with increasing time. After certain 
time the steady state spatial and temporal distribution of electrode potential 
is reached. For very large values of a?/Az> and r the potential variation curves 
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asymptoticailly approach tho plasma potential. At a given time the electrode 
po on la IS aeon to decrease faster than the potential distribution obtained by 
Walsli (1971). The assumption of streaming ions (Anderson and 
Walsh 1971) seems to result into a higher plasma potential for large values of 
xlXn whereas tho assumption of immobile ions asymptotically approaches to a 
comparatively lower plasma potential. 



Figure 2. Variation of dimensionless potential <Ka;/An» t) with |a?/A;)|) for 
different values of t and = 1 S 36 . 


4. Steady state sheath thickness 

4,1. Sheath around floating electrode 

Tho ion sheath round an electrode is formed due to the flow of electrons toward 
tho electrode. In a time sequence tlie electrode becomes negatively charged 
and holds ions around the electrode at a finitt^ distance. The thickness of the 
ion sheath is governed by two forces acting on tho slieath in opposite directions. 
These are thermal random motion and Space charge limited movement encounter- 
ing the thermal motion which govern the thickness of tlio ion sheath. The well 
known spaco charge limited ion current density for planar diode is written as 


Ji == 


4^0 

9' 


i^\* 

[mil S* ’ 


(18) 


11 
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whoro is oquilibriixm potential of the electrode and 8 is thickness of ion sheath. 
Equating the random ion current density and space charge limited current density 
wo obtain an expression for the sheath thickness. 


r 4e„ 

/ 47re 


1 9 

\ h'T, , 

/ J 


(19) 


This expression gives the sheath thickness variation as function of temperature 
and plasma density. With th(^ help of equation (19) the sheath thickness has 
};eou computed and its variation with nf^ for different values of Te ^ Ti ==^ T 
]\aY(^ b(H.‘n shown in figure 3. The steady state electrode potential for Te = Ti == T 
]\m been used from figure 1. Other parameters remaining constant the alieath 



Figure 3. Variation of sheath thickness 3 with electron number density 
for different electron temperatures. 
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thickness haiS direct dependence on the steady state electrode potential. The 
temporal variation of depicted in figure 1 shows that the sheath thickness 
gradually increases Avith time and attains a steady state thickness. 

4.2. Sheath around biased electrode 

The potential distribution of a biased electrode highly dopt^nds on tlie size 
and shape of the electrode. So far we considenxl the physical features of aheath 
around a thin, fl.at and an infinite <^lectrode. We now (jonsider a thin cylindrical 
electrode which is most appropriate for dia^ostic purposes. The potential dis- 
tribution on the electrode, the electron density of the plasma and the temperature 
of the ambient plasma govern the effective impedance of the del rode. Tn a 
negatively biased okxitrode the sheath characteristics are chieifly governefl by 
the magnitude of the bias potential. For certain applitxl d.c. potential the 
^sh 0 ath around the electrode collapses and tliereafter the electron density becomes 
uniform right up to the surfaces of the electrode (Wasserstrom et al 1965). Tlie 
completes collapse of the sheath tak(^.s place at comparatively higher bias voltage. 
Therefore, as an appropimation wo assume that the ion sheath around the 
electrode is a thin sharply bound<^ cylindrical region and that there aie no 
electrons Avithin this region. This sharp ion sheath boundary is aissumed to be 
at plasma potential. The electrode immersed in a plasma conforms to a (jonfigura- 
tion of a concentrk? (cylinder. Wo proceed now to evaluate the electric field at 
the slmath boitndary. The capacity of the electrode irnmonsed in plasmii. is 
written as 


0 ^- 




FIm, 


( 20 ) 


AAhero 

E = Sheath radius 
Rq =: electrode radius 
= 8*9 X 10-i2jr/m. 

Let the electrode bo biased negatively. The total charge on the electrode is 


Q T- 27reoF/ln(i?/7?o) Coulombs/m, 

where V = electrode bias potential in volts. The electric field at tl\.o sheath 
boundary is 


Et = -( = - VI[R \n{RIRo)} volts/m. (21) 

For small bias potentials the ion sheath is of such a dimension that the total 
positive charge in the sheath equals the negative charge on the electrode. Such 
a charge distribution limits the electric field 6f the electrode vrithin the inner 
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edge of the ion sheath. The polarization field arising from the electron deficiency 
is given by 

Ep = volts/m, (22) 

whoro tiq is ambient electron denaity/m^ and e ia electronic charge in Coulombs. 
The size of the sheath ia small therefore the tdectric field must be continuous 
over the sheath region. Now eq\iating equations (21) and (22) wo obtain 

ln(/?/12o). (23) 

Using this equation we have computed the tliioknoss of the sheath with the 
magnitude of the bias potential in the case of a cylindrical electrode as shown in 
figure 4. The thickness of t}io sheath ia seen to vary witlv tl\e ambient electron 



Flgore 1, Sheath variation with d.o. bias potenti«ds for plasma with different 
electron number density* 
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density. The high negative bias potential is st^en to decrease the thickness of 
tho sheath around the electrode 'which, in turn changes the capacitance of tlie 
electrode system. 

5. Gonclasion 

Wo have soon that tho basic assumptions regarding plasma kinetics and micro- 
scopic behaviour result into significant change in tho measurable parameters 
Plasma sheath formation and its temporal and spatial variation are also governed 
by simplifying assumptions. Relaxing only one feature from tho work of 
Anderson and Walsh (1971) we h.ave sliown tlio various consequential changes. 
Its effect on tho bias eloetrodo has been shown. The correct knowledge of these 
features would be helpful in using plasma immersed probes for diagnostic of 
ionospheric and space plasmas. 
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Letters to the Editors 

Ultra-violet absorption spectrum of 2-aminop3rrimidine 

P V Shanbhag, M A Shashidhar and K Siiryanarayana Rao 
Physios Department, Karuatak University, Dharwad- 680003, Karnataka 
Received 1 November 1978, revised 5 February 1979 

Tho oloctronic absorption apoctrum of 2-ammopyrimidino was photographod 
in the vapour state on Hilgor largo Quartz Spectrograph using absorption lengths 
varying from 10 to 150 cms and temperature from 0^ to 150®C. 

The spectrum of tlie molecule lies approximately in the region 2745-3045 A 
and consists of ncnow bands which are degraded to tho red. From the structural 
point of view 2-aminopyrimidine belong to point group and the transition is 
an allowed transition with the transition moment lying in tho plane of 

the molecule. The bands observed correspond to the <— transition of 
pyrimidine around 3200 A. 

The spectrum has been analysed with the help of tlio Raman and Infra-red 
data available in tho literature (Spinner 1962, Lafai and Lobas 1970), and also 
with tho help of the analyses of tho corresponding spectrum of pyrimidine 
(Lord et al 1957, Simmons and Innes 1964, Tnnes et al 1969), 4- and 5-mothyl 
pyiimidino (Shashidbar and Rao 1976, Shashidhai 1974) and 2-chloropyrimidin© 
(Shashidhar and Rao 1976). The study of tho effect of temperature on the band 
system has facilitated the choice of the band at 33622 cm~^ as tho 0, 0 band of 
the system. Most of the bands could be accounted for in terms of two ground 
state fundamentals 406 and 608 cm~^ and five upper state fundamentals 376, 
578, 726, 927 and 1019 cm~^ and two sequence intervals 113 and 162 cm“^. Tho 
giound state funaamentals 406 ana 608 cro“^ coi responding to the excited state 
fundamentals 376 and 578 cm~^ respectively are assigned to tho modes v^a ^^d 
. The excited state fundamentals 376 cm"^ forms progressions and occuis 
in combination wi^h othei modes and is the most prominent feature of the 
spectrum. The excited state fundamentals 726, 927 and 1019 cm^^ are pro- 
gression forming and they respectively correspond to the modes and 

Of the observed sequence intervals —113 and —162 cm*"^, 113 cm -^may pro- 
bably represent the 1-1 transition of as suggested by Innes et*al and —162 cm~^ 

the 1-1 transition of some other fundamental. Confirmation for this assignments 
of sequence is obtained in this case from the identification of tho correspond- 
ing 0-2 and 2-0 band from the 0, 0 band. 


248 



249 


UltTu- violet ubsorption spectTuiti 

1 able 1 gives only tlio prominent absorption bands of 2-aminopyrimidino 
and their assignmemts. 


Table 1 Asaignmonts ol Iho j)ruiunioiit absurptiuii buiidfei •-anuji(»pyriiiHditi0 


Wave nuiubor Assignments 

band Intensity 


3:501 0 w 
.332 16 w 
33450 juv\ 
33500 w 
33022 s 

33098 nis 
:542()0 \v 
34348 niw 
34366 m\^ 
34549 m\v 


0. 0— 60H 
0, 0 - 406 
0, 0—162 
0,0-113 
0 , 0 

0, 04 376 
iK 0 I 578 
0, O f 726 
0, 042 > :576 
iK 0-f 927 


34581 iinv 
3464S niv\ 
.34717 w 
34730 VN 
:H918 u 


0, 045784376 
0,0+1010 
0, 0 + 726+376 
0, 0 + 3 >',376 
0, 0 1 927 I 376 


3503.3 w 
35086 u 
35123 w 
35278 w 
35458 vv 


0, 0 }- 1019 + 376 
0, 0 1-2 726 

0, 0+4 y ;576 
0, 0+9274 720 
0,0+2 >^927 


35501 u 
35634 w 
3.5788 w 


0, 0 + 5x376 
0,0 + 2 1019 
0, 0-f 3x726 
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On the virial coefihcients of H2O 

S Singh 

Dopartment of Physics, Banaras Hindu University, Varana8i-221005. 

Received 29 January 1979 

The macroscjopic xjroportioH of fluids are intimately related with the potential 
energy of group of molicules as a function of their mutual separation and orienta- 
tion. Consequently, substantial improvements in the quantitative understanding 
of molecular foeces between nonspherioal molecules, and also improvements in 
the. predicted behaviour of fluids, can be made provided the angle-dependence 
of the interactions is treated carefully. An investigation of the virial coeffi- 
cients of the equation of state of a gas of nonsphirecal molecules furnishes valuable 
informations on molecular interactions and thus provides the possibility of 
evaluating many properties of the system having functional relation with these 
intei actions. A systematic study of this kind is very necessary in the field of 
intermolecular forces and molecular liquids and recently has been made by us 
(Singh 1976, Singh and Shigb 1976, 1977, Singh 1977). On the assumption 
that the dilute gas transport coefficients are less sensitive to the long-range angle- 
dependent interaction than the virial coefficients, we have explained the viscosity, 
second and third virial coefficients of a system of nonapherical molecules of 
arbitrary symmetry with the same set of force parameters. 

The treatment of polar fluids has received much attention in the last few 
years. At least three different empirical potentials have been proposed ovoj* 
the years for calculating the molecular properties of polar fluids. The most 
common one is the Stookmayer 12-6-3 potential (Hirschfelder et al 1964) which 
is the Lennard- Jones potential augmented by dipole-dipole interaction. Another 
potential which has been proposed by Monchick and Mason (196 J) considers 
the relative orientation of the molecules to remain fixed during a collision. Still 
another potential is the preaveraged poterUial of ours (Singh and Singh 1971, 1972) 
in which the angle-dependent parts of the interaction is represented by an 
averaged potential. The deciding factor which determines the appropriate 
potential has to do with the relative times for rotation and translation (collision). 
This has, however, been suggested but not demonstrated yet. In a previous 
paper (Singh and Singh 1977; referred to as I) we have applied the latter two 
potentials in the treatment of microscopic properties of polar gases. The second 
and third virial coefficients of NH 3 and CHjF have been calculated using the 
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force parameters dotorminod from the viscosity data. The transport and equili- 
brium properties of H2O play a key role in many field au(!h as Oceanography, 
Limnology, hydraulics, biocjhemistry and physical chemistry, therefore, its cal- 
culation will be of considerable importance. Adopting the procedure as outlined 
in I we report hero the calculation of second and tliird virial coefficients of II 2 O. 

The pair and three-body interactions which are needed for the calculation 
of second and third virial coefficients can be written as 

u{l, 2 ) = ^^ i 2 (^ 12 )+^^ 12 (^ 12 » ‘*' 2 ) 

^1,2,3)= h t^(tj) + F(J,2,S). 

iX-l 

The meaning of the symbols and the functional form of tliose interactions are 
summarized elaowhoro (Stogryn J9G9, 1970; Singh and Singh 1976). 

The contribution of the different branches of the interaction to virial coeffi- 
cients has been evaluated using the perturbation scheme as outlined in I in which 
tensor foices are taken as perturbation of the jiair central p(»tmtial. The values 
of the dipole and quadrupole moments and anisotropic polarizability available 
from independent measurements have boon ustnl in tlio calculation. The viscosity 
data I'i.ave bc«)n used to determine the for(?e parameters (X and ejk and the swond 
virial coefficient data the shape paranu^tor D. The potinitial i)ai’amotcrs obtained 
are given in table 1 together with other parameters usexi in the calculation. 
Using those parameters the contiibution of the various interactions to the second 
virial cooffi nont has boon ovaluat-ed. It l».as boon found that all the branches 
of anisotropic interact! ori»s contribute sigiiificjantly at all the temperatures 
investigated hero. Tlu> calculated values are compared with the values obtained 
from the experimental data in table 2. It can bo sotm that tlxe agreement between 
theory and experiment is bettor when the proavoragod potential is used. 

For the potential paramot<irs reported in table I wo have evaluated the 
additive and non additive contributions to the thii’d virial coefficient of HgO 
for many values of T*. From the calculation wo find that at low ttjmperaturijs 


Table 1* Potential parameters used in virial coefficients calculation 


Preaveraged model Unaveraged model a (A®) K 0 «X 10 ®® <i 10®* 

esu cm® esu cm® 

or(A) elk{K) D <r(A) tl^K) ctD 

3.205 215 —0.25 2.710 506 —0.24 1.86 1.48 0.1351 -^0. 13(a) 2.63(a) 
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(a) Verhoeven and Dymanua (1970) 
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Table 2. Comparison of calculated and experimental second Virial 
coefficient 


T{K) 


—B{T) (cm® /mole) 


Exptl. 

Calo. 

Preaveraged 

Unaveraged 

423 

338.0 

332.6 

301.6 

623 

163.1 

162.0 

150.0 

673 

116.8 

116.6 

116.9 

623 

92.0 

95.6 

104.6 

723 

69.1 

69.8 

71.0 


all branches of pair and triplet interactions contribute substantially. However, 
at low temperatures the contributions of first order additive induction interaction 
and second-order nonadditive dispersion intt^raction are small. Figure 1 com- 
pares the calculated and experimental third virial coofiicienta. Experimental 
data which are given in the figure by dotted lines are due to Kell et al (1968). 
The values of third virial coefiicient for the unaveraged arid preaveraged poten- 
tials are given in the figure by dashed and full lines, respectively. can be 
seen that the agreement botwcHjn theory and experiment is not good for any 
method. Calculated values are always greater than the experimental values. 
But the values obtained at low temperatures for preaveraged method is closer 
to the experimental values than that of unavoragod method values. At tem- 
peratures above 500 K the unaveraged potential method give values which are 
closer to experiment than those predicted by the preaver aged potential. In I, 
however, we have found that the agreement between the calculated and experi- 
mental third virial coeffi dents of NHg and CH 3 F is veiy satisfactory when pre- 
averaged method is followed. 

The structure of solid and liquid states of H 2 O are known to have tetra- 
hedral geometry (Eiaenberg and Kauzmann 1969) which is interpreted as a 
oonsoquenoe of the presence of strong orientational hydrogen bond . The hydrogen 
Dinding interaction dominates all other interactions at liquid and higher densities. 
Prom this it appears to us that the hydrogen binding interaction is always present 
in all the throe states of H^O and that the importance of this interaction increases 
with the density. In otherwords, the hydrogen binding interaction has strong 
many body character and that the potential function derived from the properties 
of one density cannot predict the property of the system at any other density 
unless a proper account for the hydrogen binding interaction is made. There- 
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Fig, 1. Comparison of obseved und calculated values of the third virial 
coefficient of H2O. Dotted curve represents exporimontal values, fulll and 
dashrd lixios, roftpoctivoly, roprosont the values calculated by the method of 
preavaranged and unave raged and unaaveraged potentials. 


fore, th€ difforoncc betwoon tho cjaluulatod and experimental third airial co- 
efficients of HgO may oe attiibuted to hydrogMii- binding interaction present 
in the cluster of three molecules. This interaction seems to bo attractive for 
the most of the interior angles of tiianglo formed by the interacting molecules 
and the effect of this interaction on the third virial coefficient is opposite and 
larger than that of other thrw-body nonadditivo interactions. As a result when 
a proper account of hydrogen-binding interaction will bo taken in the calcula- 
tion of third virial coefficient of HgO the theory and experiment may agree 
satisfactorily. 
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Potential constants and centrifugal distortion constants of 
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Coimbatore 641014, Tamilnadu. 

Beceived 12 March 1979 

A set of potential conaiantfi tlio goTu^ral valonoo typo aro ovaliiaiod for the 
molecules IOF 5 , R 0 OP 5 and O.sOFg using tlio rooont vibrational frcquoncies. 
The potential constants thus obtained ate used to (ialoulate the centrifugal dis- 
tortion constants for t]\e first time. The molecules belong to C^v aynimc^try 
having eleven fundamental frequen(?i<»s which are distributed into different 
species as Tpif, ^ 4:A^+2Bi+lB2-i 4:E. Smitli et at (]9()5) have assigned the 
vibrational frequencies of TOF 5 using Raman and Infrared spectra and carried 
out the normal c()-()rdinat(» analysis. Recently Holloway et al (1 971 ) liave assigned 
the frequencies relating to ReOFg and OsOFg. Further, the assignments relat- 
ing to lOFfi have been revised by them. In the preS(^nt investigation the poten- 
tial constants aro ovaluab)d using these recent vibrational frequencies. Tlio 
symmetry co-ordinates and structural parameters used in the calculaton aro 
taken from references (Smith et al 1965, Holloway et al 1971, Sutton 1958). 

The general valence force constants ar<^ obtained using Wilsons F-G matrix 
method and aro presented in Table 3 . It is observed that the equatorial strotcli- 
ing potential constant (/,.) is less tlian the (K)rresj)()nding axial str(»tching potential 
constant (/r). Most of the interacjtion constants assume zero values in all the 
cases. In Table I the values obtained by Mohan (1977) by kinetic constant 
method are indicaUxi for comparison and a lair agreement betwotui the two 
values is observed. 

The theory of centrifugal distortion constants has boon developed by Kivolson 
and Wilson (1952, 1953) and has boon further m()difK>d by Cyvin et al (1968). 
The method due to Cy^dn et al is employed in the present investigation in evaluat- 
ing the centrifugal distortion constants (t’ 6). The r elements are found to satisfy 
the following relations. 

T’tfscaB* ~ '^yyyy> ^ ^yyzz7> '^xxxz ^ *^yzyz 

and 2rxyxy ~ “^xxxx '^xxvv- 

Tho^ centrifugal stretching coefficients which are linear combinations of t 
elements are also calculated and are reported in Table 2, Since all the molecules 
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are symmetric top, the centrifugal stretching coefficients iig, and ij vanish. 
It is noted that Dj is positive for all the molecules. This indicates that the 
centrifugal force about any given axis will always tend to increase the moment 
of inertia about that axis which in turn decreases the effective rotational constants. 
The centrifugal distortion constants are useful for the microwave analysis of 
these molecules. 


Table 1. Potential Constants (m dyn/A) 


Force constants 

IOFb 

HeOFs 

OsOP# 

Sd 

7.1410 

(7.2742) 

9.0263 

(8.6477) 

8.6573 

(8.1964) 

fn 

4.6911 

(6.0742) 

4.7637 

(6.5688) 

4.6477 

(6.2164) 

fr 

4.6333 

(4.4097) 

4.7100 

(4.7606) 

4.6169 

(4.6699) 

f'rr 

0.1679 

(0.0663) 

0.0637 

(-0.0464) 

0.0318 

(0.0304) 

Jet 

0.2412 

(0.4131) 

0.4410 

(0.1896) 

0.4640 

(0.2212) 

f$ 

0.3261 

(0.2620) 

0.6911 

(0.3167) 

0.6282 

(0.3020) 

Jy 

0.8869 

(0.2417) 

0.2644 

(0.1845) 

0.2634 

(0.1618) 

S$» 

0.0230 

(0.0123) 

0.2247 

(-0.1246) 

0.1867 

(-0.1628) 

J'yy 

0.0230 

0.2247 

0.1867 

feta 

--0.0680 

(-0.0036) 

0.1285 

(0.0843) 

0.1452 

(0.0743) 

fpy 

0.0602 

0.0180 

0.0120 


Table 2. Centrifugal stretching ooefiSoients (KHz) 


Coefficient 

IOFb 

KeOFs 

OsOFb 

Dj 

0.18035 

0.12522 

0.20052 

Dk 

-0.16661 

-0.83256 

-0.84646 

Djk 

0.06192 

0.77032 

0.76240 


Be, ^ j OB 0 for symmetric top molecules. 
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Thc» band spootrum of BeCl moleciilo haa been roporte^d in emission, absorption 
and microwave discjharge by different workers. Only one band system 
has so far been attributed to this molecule. Colin et al (1972) 
carried out the rotational analysis of (0-0), (1-0), (1-1) and (2-1) bands of this 
systc^m and n^portcxl the vibrational and rotational constants for the upper (A^n) 
and lower (X^S*^) states. Subbaram et al (1975) using microwave discharge 
throug]\ BeCl in presence of rare gas observed the Av — — 2 sequence in addition 
to earlier reported sequences of the A^n — X^S'* system. 

In an attempt to devfdop other band systems of this molecule the spectra 
of this molecule was excited in a microwave dischajge. S|K?cpuro sample of 
unhydrous BeCJg obtained from M/s Fluka, Switzerland was plaocxl in an 
electrodloss quartz tube of about 25 cm in length and 1*5 cm in diameter. The 
discharge was ostablisliod by a C-typo antenna of Plxilips model M.W/127 micro- 
wave oscillator operating at 2450 MHz and rated for the maximum output of 
260 watt. Continuous evacuation of the discliarge tube with vacuum pump 
and a power output of 120 watt wore found ad(»quate to maintain the bluish 
colour discharge. Photographs of the spectra woix^ taken with Carlzei>ss medium 
quartz spectrograph at a dispersion of 15 A/mm at 3300 A. An exposure of about 
2 minutes was sufficient to dovelope the bands. 

The aptxjtrogram reproduced in Figure 1, reveals the existence of seven new 
red dogradfxi bands extending from AA3375-3407 A in addition to all other pre- 
viously reported bands of BeCl. Analysis of the observed bands was carried 
out as discussed by Horzberg (1950). It was found that the new bands form the 
At? = +2 sequence of X^2+ system of BoCl. The band heads data of 
these bands are given in table 1 along with their vibrational assignments. 

The band heads are represented by the vibrational scheme : 

= 28029*58 +813-32 (t;'+i)-l.96(t?'+i)2 
■~840*33(v"+J)+8*71(t;^+i)2--6*48(t?'+i)(t;^+i) 

which agrees well with the vibrational scheme, for heads, given by Novikov 
et al (1960). 
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Figure 1 
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Table 1* Band head data of new bands with vibrational assignments. 


Vib. 

assignments 

Wave length 
in A 

Intensity 
on a scale 
of 10 

Potf — Pta 1 • 

2r-0 

3374.72 

2 

-0.83 

3—1 

3379. 9G 

3 

-f 1 . 35 

4r-2 

3385.43 

3 

-f-0.14 

5-3 

3390.42 

3 

+ 1.86 

6-4 

3395.76 

4 

+ 0.61 

7-5 

3401.47 

4 

-1.01 

8-6 

3407.43 

4 

+ 1.40 
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In view of tho discovery (Donald and Inno8 1969, iSingli 1975) of Homo more 
electronic HtatoH of AlO molocnlo, the band syatorn pn^vionnl^^ referred an duo 
to transition in now Ixnng referred to as D-D' X2X+. Franck- 

Condoii (FC) factors and r-controidn for this transition, using approximate Morse 
and Joss appropriates RKR potential an^ available (Fraslxoi* and Jarmain 1953, 
KusUwaha and Astbana 1972, Tawdo and TuJasigeri 1972), only for 15 ))ands 
out of the 21 already rei)ort(xl by Knshnamachari vi aJ (1960). A numlxu' of 
new bands belotiging to tlus transition Ivavo boon roporttHl (Prasad and. Narayan 
1 969). Tlie purpose of the present paper is to report tlio FO-factors and r-ctmtroids 
for the said transition for all tlu^ bands obsorvcid, ifsing wavt^functions approi)riaie 
to a more realistic RKRV potential. For this purpose t]\o turning points required 
to construct the potential energy curves for* the D^D^' and X^D^ states of AlO 
are obtained by the standard method (8ingh and Jain 1972). 

In the present study, four successive turning points are taken at a time and 
the potential energy, U(r), is recorded at equal intervals of O-Ol A for each vibra- 
tional quantum number. Ordinates of wavefunctions ait? determined by insert- 
ing tViose U(r) values in Wu’s (1952) oxpresskm and the (ujrrospoiiding FC-factors 
and r-centroids are computed accordingly. Th.o results are given in Table 1. 

Ft is expected that the FC-facti)rs and r-controids reported here, when taken 
in conjunction with intensities of the bands, yield valuable information regarding 
the electronic transition moment as a function of internuclear distance. 

The authors acknowledge the financial assistance by U.G.C., New Delhi, 
t o OTU' of tl\em (V.M.M.). 
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Table 1 


v' r" 

FC-fact ors 

r-c outi’oids 

A 

n' r 

FP factors 

y-controidH 

A 

1, 0 

2. 1S97 X 10' 1 

1.0712 

4, 2 

1,1137 IO-> 

1.0314 

0, 1 

3.0971 

10-1 

1 7122 

4. 3 

8.1471' 10-2 

1.0745 

(K 2 

2.7S71 

10-1 

1.7513 

4. 4 

7.2181 / 10-2 

1.7150 

0. 3 

1 . 0523 >' 

10-1 

1 . 7974 

4. 5 

4. 1888 ^ 

] . 7500 

1, <1 

3.0152 

lO'i 

1 . 0392 

4, 7 

2.1775 10-2 

' 1 . 8408 

1. 2 

7. 7721 

10 -a 

1 7232 

4. 8 

1.2221 ‘ 10-2 

I .9(^28 

i,;{ 

2.7972 ^ 

10 1 

1 . 7025 

5. 3 

5. 1242 ■ 10-2 

1 .0410 

1, 4 

1 .9501 

10-1 

1 .SOSO 

5. 4 

4.0787 ;< 10-2 

1 . 0805 

1, 5 

0 421 3 > 

10 2 

1 . 8709 

5. 5 

4.3781 - 10 = 

1 . 7258 

2, 0 

2.2072 

10-1 

1 .0082 

5, 0 

1 9797 ^ 10-2 

1 . 7008 

2, 1 

1 .0123 > 

10-1 

1 .0502 

0. 3 

4 1899 / 10-2 

1.0112 

2. 1 

1 . 5000 

10-1 

1 . 7737 

0. 4 

3.9741 > 10-2 

1.0539 

2, 5 

2 4771 

10-1 

1 8190 

0. 5 

3.0128' 10-2 

1.0981 

2, 0 

1.3077 

10-1 

1 8817 

0. 0 

2 7743 10-2 

1.7358 

3, 0 

1 3192 

10 1 

1 58(M 

0, 7 

1 0101 10 2 

1 . 7708 

3, ! 

5 1241 

10-2 

1 .0193 

7. 4 

1.1841 1(1 2 

1 .(»2I(( 

3. 2 

1 OlKl 

10-2 

1.0014 

7, 5 

1.1132^ 10-3 

1 . 0040 

3, 4 

1 .0123 

10-1 

i.7455 

7, li 

1.0002 10-2 

1.7091 

3, 0 

2. 1712 

1 0-1 

1 8308 

7, 7 

9.9472 

1 . 7457 

3, 7 

2. lOSl 

10-2 

1 9817 

7, 8 

9.1218 10-‘' 

1 . 7897 





8. 7 

9. 2187 10-' 

1.7199 





8, 8 

9.0013, 10 •’ 

1 . 7505 
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ERRATUM 


Ivdmn Journal of Physm Vol. 52B, 1978, No. 4 
p. 262, Fig. 16(ii) caption should read 

“(a) Relative cross-section for the excitation of the Cs lino A = 8512 A (dark 
circles) and A = 6184 A Mg lino (light circles) against Ijv, (b) Term scheme of 
the quasiraolecule (Mg+ Cs)*' 

instead of “Sputtering yield 75 A. 

p. 262 Fig. 16 caption should road 

“sputtering yield S of Ag crystals as a function of energy of the colliding ions 
Ar+. Experimental points are compared with theory for three values of Xo 

60 A: 90 A; 76 A.” 

instead of “Experimental set up pattern” 

page 265 under References 

line 3, read Barwig P instead of Barwing P. 

after line 7 add Bhattacharya R. S., 

Mukherjeo D. K., Basu D. and Karmohapatro S. B. (1975) Japan J. Appl. Phys. 
14, 1691. 
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Biquadratic coupling in antiferromagnetic lattices 
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Abstract. The sensitivhy of Nce| tomporaturo t(^ biquadratic coupling is 
studied. The method of Green fimctiou is applied to a t\vo>sublattico anti- 
ft^rromagned with both bilin(*ar and biquadratic interactions. The higher order 
Green functions are decoupled by means of extended forms of Author's decoupl- 
ing approximations previously introduced in ferromagnetic; cases. It is si'Cii 
that as the biquadratic coupling parametor increases from 0 to 1, the Neel 
temperatun’' decreases by about 50% for a spiu-l BCC lattice. Numerical 
estimate is iruulo for sonic‘ wellknown antiferromagnotic compounds. 


1. latroduction 

Tlio thonnod^'ntiinics proportk^s of a Hoi^sonborg rorroiiuignot in tho proHoneo 
of bitpiaflrtitic oxcJiHiigo utrro «tii(lio(l by a molocular-ficdd approximation (LinoH 
19(>7, Brown 1971, Nauciel-BIoch (d 1972), a Grotm function approximation 
(Cha,Uia 1974, CU^akraborty 1974, 1975, 1979, 1977, Biogala 1975, Aldor el al 
1970, Kumar and Sharma 1970) and by Hnsinii TomiMuloy model (Tanaka and 
Maunari 1976). From all those «l),sorvatioii.s it has boon found that tho prosonct* 
of biquadratic oxchango affewts tlxo statistical mochanical proi)ortios of Iho system 
significantly. TJm occurronoo ol first order transitions and tho new tri-critical 
points shod much light on tlu* behaviour of magnetic systems (Chakraborty 
1977). Although the quantitativt. verification oi’ the thoorotical predictions is 
nut possible, the results have boon found to correspond to definite experimental 
.situations. One such example, namely, the (jccurr»>nco of a first order transition 
in UO.i has been already mentioned. Furthermore, the theoretical results 
regarding the stoopnoas of the magnetization curves correspond to the observed 
behaviour. 

In this paper wo invostigato tho influence ol an isotropic biquadratic oxclrange 
on Noel transitions in a two sublattice aniiferromagnet, and present the 
numerical estimates with reforeiico to the antiforromagnetic compounds KMnl 3 , 
MnO and NiO. It may at once bo realized that the aspects of phase transitions 
in an antiferromagnotic lattice involve a good deal of complexities when a bi- 
quadratic term is included duo to tho fact that one has to distinguish in this case 
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two quadrupolar parameterti corresponding to two sublattioes which arc not in 
general, equal in magnitude. If A and ji are two aublatticos then the bilinear 
order jiaramoter and the quadrupolar order parameter are to bo defined by 

-= cT >, ntfi — <C '> 


•»x = < W> 

It may bo noted that alth,ough m\ = — ntn — m (say) such type? of equality 
cannot bo imposed on and B^i consequently, one finds many different phase 
transitions occurring in the system and it is not easily povssible to study them. 
We present here a discussion of the special casc^ where =0, which 

implies that our discussion concerns only witli the dipolar transition or the usual 
Neel transition and with the study of sensitivity of Noel temperature to biqua- 
dratic exchange. 

2« Mathematical Formalities 

The Hamiltonian for a two sublattico antiforromagnet in the i>roHenco of bi- 
quadratic exchange may bo written as 

H ' t/ S i*^2> ^ 

y,A 


I, A jy^ 

Tlio spontaneous magnetization in two aublatticos in assumed to be in opposite 
direction (+ZE and —ZE). The symbols 1 and 2 are sublatticos and i is a 

lattice, site A is a nearest neiglibour vector. 

The equation of motion for tlu) Green function Bj (E) is obtained as 
(Chakraborty 1976) 

EOm, B}{E) = - -t-2J <,a); 8-Bj > 

7T A 

+2aJ S < [Qc. ui^'^At-Qn^+c. i+A+J*“d, 


— h9~Ai8^e, i l+A+i(-^e> i+i—^Ai)]\ 8-B)^ 


( 2 ) 
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whore 

= S‘AtS±At \-^^^Ai8‘At 


Qai = < {S‘ai)^ > 

Lai ~ S^A(8'*'At8'^e>i{-^8~e,{-t-^'^ 8' Ai8^Ai8 c> Ui- 

' To docouplo tlve hilinoar Groon ftxnetioiis wo follow tho arguments of Loo 
and Liu (1967). Wo extend tlic decoupling of tho Author (Chakrahorty 1976h) 
to the pre.sent case. Thx result is 

,+4; <5' Bi > 

= <8^Ai > {1 — +^) GaI " 

+a < ,+i > (1+A) < S-Ai8\, uc. > <8'Ai\ 

The fivo-spin biquadratic Griwn functions are first decoupled by RPA t() thiwi- 
spin Green functions which^we docouplo on tho basis of the Author s method o 
decoupling (Chakraborty 1976a). 

8-b)P- 

[1 +AJ< 8-Ai8*Ai > 

^ (4) 

+ A,« 8-At8^Ai >n < < 

4 1 Jl " ^ 

The ground state requirements;, to bti used here are : 

(i) For spin — J case 

] 4 -A 1 < 8-Ai8-^Ai > + ^ 2 ( < > ) — •' 

(,i, F„, ,ln S, tho hm.,«.r ..«h»«o oo«h,n.. i. modM '■? «>» 
factor 

l+2aS^{«-l). 


3. Energy Spectrnm and Neel Temperatnre 

Using the decoupling approximations montioncsl above 
one gets the energy spectrum as 

Eic = l>{0)[i-y*(fc)] 


and Fourier transforming 


(6) 


whore 




0(1+ A) 

N 


S Fca(^') 

]fc' 


oO^A) 2 y[¥)FcA{^') 

^ Ji K' 


( 7 ) 



482 K G Ghakraborty 

J(k) - ZJy{k) - .7 S exp(iX A). 

A 

(8) 

W<‘ liavc asjsinnod 

(9) 

also \\'(^ liavc utilized tho symniotric roJations 

IKk) - D\k) =r y(k)D(()) -D#) 

(10) 

— m( say). 

(11) 


Tho symbol Fcyi(i^) Foiirior transform of F^^, ce ~ >• 

It is a straight forward procedure^ to dcriv<^ tlu^ oxpn^ssion for Noel t(mi- 
poratnre^ do not doscribe boro tho dotails which will Ix^ found in a noont 

j)ap(x* of tho Anthor (f/hakraboi’ty 197()o). Tho final rosiilt is 


7^(a) - = ^[l-Ja-fflC'„( 14 -A)l- 

p /jJ i 0 


X 


whort^ 


^0 


1 


N j- i-rw 


r, , «r7„(l+A) / /q-i \-| 

I 1 — \cc — -["A) \ / 0 / J 




( 12 ) 


For X — 0, equation (12) rodiicos to that of Loo and Liu (1967). As a increases. 
Tif decreases gradually. Tn figure 1, we have plotted Tjj(x)lTif{i)) against a 
which allows that as x increases from 0 to 1. for a apin-1 BCC lattice deen^ases 
by about 60%. 


4. Numerical Estimates 

We sliall make some numerical estimates tor some well-known antilerroinagnotii! 
compounds where both the bilinear and biquadratic interactions are present. 

1. KMnF^ 

For this compound one finds S — 6/2, iTjv = 88°K and Z = Q. Along with 
these data if one chosos a — -02, one finds that equation (12) is 

satisfied. These values of Jjk,, and x may be compared with thost» obtained 
by Joseph (1965) from the high temperature match of tho susceptibility data. 
Joseph’s results are : Jlks = 4-02°K, a = 016. Srivastava (1976) performed 
a rigorous calculation of biquadratic auperexchango and found that for KMnFj, 
the values of the interaction parameters are Jjka = 4°K, a = -Ol. We, therefore, 
see that equation (12) is able to reproduce the numerical estimate for KMnF, 
fairly accurately. ' 
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2. MnO 

MnO has tho NaCI .structuio at hi^h ((>inp(>raturos but undorgcn-s rltoiuboha- 
dral structural distortion at tho Noel tomp('raturo 120"K. Ojto has for this 
compound S = 5j’2, Z -- 8. Rodboll el al (1963) ostimatwl a -05 atid 
Jjkg ~ 3'IC. Tl Avo now substittito this value oJ a in equation (12) \V(^ obtain 
Jlkgc^i. 16°K which thus differs markedly from tlm value obtained by Rodhell 
et nl (1963). On the othc^rhand, if one uses tho valiuf of Jjkg of Rodboll e! nl in 



Figure !• Tho sensitivity of Neel lomporaturo tf> biquadratic coupling for a 
bcc antiferromagnot is shown ctinsidoriiig s(?voral spin value's. Curves a, b, e 
correspond to spin-l, spin-3/2 and spin-2 respectively. 

oquation (12) tho vaJuo of a turns out to ])o inucli larger than tho value ci^tiniatocl 
by Rodboll el aJ. It niay, however, bo appreciated that siTU o MnO undergoes a 
first order phase transition at Noel temporaturo it slunild havti a large a so that 
it crosses tho critical value (Chakraborty 1977b). 

3. mo 

This compound possesses a BCC structure with 6’ = 5/2 and undergoes an 
antiforroma^netic transition at 523°K. Using the value of obtained by Rodboll 
et al (a = *04) one finds Jjks ^ ISO^’K. This value may bo compared with tho 
theoretical value obtained by Kanamori (1964) whic)\ is J/kjs 150®K. 
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The effect of anharmonicity on the optical properties 
of silver and thallium halides 

Vinod Kuiaar*, L K Baiisal aiid S C Goyal 
Department of Physios, Agra College, Agra- 282002 
Keoeived 13 December 1977 

Abstract. In the present study the value of the volume derivatives of the 
Szigoti effoctivo charge in silver and thallium halides have been predicted 
using a phenomenological lattice theory of the elastic dielectric. The cal- 
culated values of ^ ^ \ have been utilised to evaluate the values ot the 

e* \dV / 

Gruneison constant parameter of those solids wliieh are found in excellent 
agreement with the experimental results. The behaviour of the silver and 
thallium ions in their anharmonic optical properties has also boon critically 
disoiissod. 

1. Introduction 

Oil tlv’ bcisis of tlun luaeroHoopio tlioory oi tlu' dioloetrio coustfMii.s, Szigoti (1950) 
has provod that during optical vibrati<ins of tho ionk^ latticon, f ho ionk; ehargo is 
substantially inodifiod. Tho oiTootivo ionic charge, tl\us obtained, is a moasuro 
of tl\o doformations produced in tl\o oloctrori clouds wliilo tho ion vibratos. Tho 
oxporimoiital values of tho Szigoti ofibetivo cl^argo aro found to l)o loss tl\au 
unity in all tho crystals. Tlio tlialliuiu halklos liavo tlio slig)\tly larger valuos 
of Cg than for moat of tho alkali l^alidos. Howovor, botli silver and thallium 
halides Ivavo tho low valuo of tlvo fractk>iial ionic cliaractor in hoih Phillipa (1970) 
and Goyal (1976) ionicity scales. Those studios aro limited to th(> liannoniu 
approximatioiia. On the ot]\or I\and tlto nioasui'ed values of tl\,o volume deriva- 
tives of tho dielectric constants by Samara (1968), Lowndes (1970, 1972) which 
are related to anharmonic behaviour, liave nearly ocpial values in all tho silver, 
thallium and alkali halido)S and tlms th.oso halides Uiider the strovss <lo not show 
any distinguishable nature in their behaviour. Several theoretical attempts 
by Goyal et al (1974) and Baklishi et al (1976) have been made in the past to 
explain tho harmonic properties of the silver and thallium halides, however, 
arharmonio behaviour of these solids has not boon analysed extensively (Aggarwal 
and Szigeti 1970). Therefore, it is nocossaty to analyse the Szigoti relation and 
other related properties in the cases of silver and thallium h^idos under tho 
stress with an appropriate sofisticatod model. 

♦Department of Physios, B.S.A. College, Mathura (India). 
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Rooontly, V. Kumar e.t al (in proas) havo doacribtxl a phonomenological 
latticH^ modol of olastk; dioloctric of NaCl and CsCl structuro type solids baaed 
on tlio Srinivaaan (1968) lattice theory. The theory has explained successfully 
the Volume derivatives of the static dielectric constant of the silver and thalliam 
halides. In tl\e present study, we extend the earlier study to obtain tl\e values 
of the volume derivatives of the effective charge which arc used to evaluate 
the Gruneisen paranu>ter and to analyse the role of anharmonicity in the 
optical proportk^s of the silver and thallium Ixalides. 


2. Calculation and results 

Tile expression for tl»o effective charge c,( - c*/c) giv(m by the Szigoti (1950) is 


Air 


Or 


/^curo" 




( 1 ) 


wJu’ro V is tiio Noluiiu^ of tlie unit (!ell, and Cgo are t3\o Static and high frequem^y 
dk>k»ct»*ic constants rt^spcndively, /// is the roducc'd mass per ion pair, coyo is the 
(;liaracteristic transv^-srso optic mod<^ frequency. The ti'inpcTaturc' iiulepondent 
volunui d(n'ivativ(^ of the ecpiatioii (1) gives tJu^ expression for the Gruneisen 
parameter v^o associated with transvwse optic mode phenon as 


VTo 


V 

WTo 


( 


d(oTo 
OV " 


) 


T 



Tlio (iv uluation of tl'.o i/^o roejuiro tho valuos of t-, ^ and The 

(IV dr a V 

values of c,, and 6^^ for the halides under study have Inxm measiirxHl by Lowndes 
and Martin (1909). Tl\o lattice theory of elastic dielectric by Sriuivasan (1968) 
l\as been used to obtain tho values of th(j volume derivatives of tho Eq, and e^. 
Within t}»o frame work of simple lattice theory by Kumar ef al (1979) th,o Szigoti 
offoctivo charges Cjj is obtained in the following form. 


A^2+/ 


(3) 


whore y^j are th(i simll clxargo axid the spring constant of the negative ion 
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roapeotivoly, / is the short range force constant. The volume derivatives of the 
effective charge viz. obtained with the help of equation (1) in the 

following form ; 

h (•If) = (’-A) iv (C,+2J.-2£,)i (4) 

where / = ^ 1 + 2 ®^. 

The basic equations of the shear modula and the dielectric constant for the 
evaluation of the model parameters are gi^n below : 

NaCl structure 


CaOl ^ructure : 


■On — 

e2 

4a^ 

1^ -5-338()+44i-|- j 

(5a) 


e2 1 

4a^ 1 

^2-5660+jB,+'^2+^'®a j 

(6a) 

A- 

4a^ 

e2 

i Jr-a 



4a2 

r 1 #!(»•) 1 

1 »• dr \r.a 



4a® 1 

-72 1 

r dViWl A* 

L Jr-« “ A 

(7a) 

A 2 ~ 

4a® 

td^Ur) 1 

1 Jr=a^2 

(8a) 


4a3 1 
"e* 1 

• 1 d<j,2{r) 1 

~W Jr=a^/2 

(9a) 


e2 

4a^ 

[-1-2211+ 

(6b) 

C7« = 

e2 j 

4a^ 1 

_0.3606+'?l±^' +|!] 

(61)) 
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16o8 j 

\d*m 1 


"e* ! 

L dr* Jr=aV'3 


16a» 1 

•1 d4,i(r)’i 


T*- 1 

L r dr J^^aVs 


16a» 1 


(7b) 


r "3^ Jr-oVr ~ 

8a3 I 

■ dV*)W 1 

(8b) 

c* 1 

. dr* 1^,0 2o 

8o» 

r 1 d^ii(r) I 

(9b) 


L r dr Jr^2a 



Tho oxprofisiona for tho optical vibrational frequency at zone centre and the 
Lorentz-Lorenz relation in tho frame work of simple ahell model of Woods cl al 
(1960) are given bolow — 

3 6,0—1 _ 

irr e«+2 K^+f 


, /Co— e«. \* 3 

e,+2 \ e* / Aai-/ 

The abort range next nearest neighbour interaction potential ^^ir) is conaiderod 

to bo of vander Waal’a type i.o. The parameters A, and 

are evaluated with the help of equations (8-9) using the recent values of tho 
van der Waal’s coefficients from Bakshi et al (1977). The values of tho para- 
motors Al, and Ci are evaluated with the help of equations (6-7) using the 
constants given in the V. Kumar cl al (in press). The shell model paramotos 
y^, are evaluated using the relations (10) and (11) with the help of the optical 

data from Lowndes and Martin (1969). The experimental values of ) are 

also taken from Lowndes and Martin (1969). The all determined model para- 

motors are used to evaluate the magnitude of ^(l^) with tho help of equ^ion 

(4) and are displayed in the table. 


( 10 ) 


IJ^\' 


yj_ 


( 11 ) 
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Tabic 1. 


Crystals 

- 

^-{^M B 
e„\dv) 

V /0eo\ 

eoUW 

(vTo)cal (vto)bxp 

AgCl 

0*2362 

-1*1474 

10-5616 

6*31 

6*0^: 1*0 

AgBr 

0*3366 

-1*3793 

10-1614 

6*95 

6-6±l-l 

TlCl 

0*2873 

-1*3618 

6*6464 

3*81 

3*9d:0*8 

TlBr 

0*3416 

-1*6736 

6*3703 

3*83 

3*8±0*8 

whero A 



, B = 

( ®’ -- ] 


U* + 2 

2(eo-ea.) J 




It ia striking to note from tho table that the values of the volume dorivativea 
of tho offeotivo charge in the eases of silver and thallium halidoa are nearly aamo 
and are very close to tho values of this parameter for the alkali halidoa obtained 
by Barron and Bataua (1969) using the deformation dipolo model. Thus present 
study reveals that the values of tho effective charge of tho silver, thallium and 
alkali halidoa like the experimental measured values of the volume derivative 
of tho static dielectric constant by Samara (1968), Lowndes et al (1970) and 
Lowndes (1972) do not show any remarkable distinction between them. Tho 
above observations strongly suggest that under tho stress silver and thallium 
ions play an important role in bringing »)Ut tho similar behaviour with alkali 
halides. The large contribution of these ions may bo duo to the presence of the 
d-core level in the optical spectra (Van Vetihten 1969) of tho silver and thallium 
halides. That is why the effect of anharmonicity on the optical properties of 
tho silver and thallium halides is significant in comparison to other simple ionic 
solids like alkali halides. Which is also evident from the larger values of tho 
Gruneisen constant parameter in those solids than for alkali halides (Ramji Rao 
1975). 

Tho theoretically predicted values of ? for tho silver and thallium 

halides are xxsed to evaluate the values of vtq with the help of equation (2). Tho 
valuesofthe^ (^) and of those solids are taken from tho V. Kumar 

et al (in press) and of the other parameters from Lowndes and Martin (1969). 
The calculated values of tho vto ^ro also given in the table. It is worth noting 
here that the calculated values of vto »re in excellent agreement with the experi- 
mental values, which further support the predicted low values of the — ("^p) 
for these halifies, 
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Electron pammegnetic resonance of Mn‘+ in 

NaH* PO4 2SH2O single crystals 

Vimal Kumar Jain 


Department of Physics, Indian Institute of Technology, Kanpur 208016 
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Abstract. The electron paramagnetic resonance of Mn^+ doped in NaHgPO^* 
2HaO single crystals has been studied at X-band and at 300 K. Mna+ substi- 
tutes for Na+ ions in the lattice and charge eompensotiou take place at remote 
sites. The spectrum is satisfactordy described by a spin -Hamiltonian appro- 
priate for Mn**^ in a rhombic or 3 rstalUno field. 

1 * Introduction 

Electron paramagnetic roaonanco (EPR) atudios require the presence of unpaired 
eltKjtron in the sample to bo studied. In general, these ar(» not pi*eaont in the 
pure material but can be introduced by doping with paramagnetic aubstanooa 
such as the transition olomenta or by radiatiem damage. Among all the ions 
which exhibit EPR spectrum and/^ ions (^Sf-stab^ ions) ar(^ particularly interest- 
ing when one is concerned with the local symmetry of tho environment f>f the 
ion. In fact, all sublevels of N-state are generally observed in low magnetic 
fields for the two n^asons : (a) tlu^ zoro-fiold siditting is zero to tlvo firsi-ordor 
and (b) only higher-order effects permit lifting of the degeneracy of the funda- 
mental states and ^S). Therefore, a detailed study of the paramagnetic 
resonance spec?tra of ^S-atato ions in diamagnetic (crystals giv<^s information about 
the environment around the paramagnetic ion. 

Sodium dihydrogen orthophosphate (NaH 2 P 04 * 2 H 20 ) belongs to a group of 
not very numerous crystal hydrates with small number of water molecules. 
The possibility of introducing the ions of transition elements into tho crystal 
have not been studied previously. In this paper we report tho^ EPR of Mn®^ in 
NaH 2 P 04 - 2 HaO single crystals at 300 K. The present study has boon under- 
taken to understand tho nature of crystalline field in tho vicinity of Mn^“^ and to 
study the probable lattice defects in the crystal. 

2 a Crystal Stractare 

The crystal structure of NaH 2 P 04 - 2 H 20 has been determined by Bartl et al (1976). 
Sodium dihydrogen orthophosphate crystallizes in orthorhombic symmetry 
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with spaco group (D^)- The unit coll having the dimensions a = 7*276 A, 

6 = 11*384 A, and c = 6*604 A contains four formula units. For the spaco 
group operation P2^2^2^, ail tho atoms and molecules arc in general position. 
TIxe sodium atoms in tho structure is surrounded by a distorted octahedron of 
oxygons. Out of six t)xygoiis, four *}omos from pliosphate radical and two from 
water molecules. The site symmetry of the [Na04(H20)2]+ complex is 

3. Ea^perimelltal 

Single crystals of NaH2P04*2H20 doped with Mn2+ were grown at room tempera- 
ture hy slow evaporation of an aqueous solution of s<»dium dihydrogen ortho- 
phosphates to wixich manganese phosphate was added (1% by weight). Tho 
experiments were per formed on a Varian V-4602 EPR speotromoter, operating 
at X-hmd micrr)wav(> frequency region and using a 9-in. magnet and 100 kHz 
field modulation. As a reference for magnetic field strength, tho resonance 
lino of DPPH with g = 2*0036 was used. The magnetic field at tho DPPH 
resonance was measured with the help of a Varian F-8A fluxmetor and the fre- 
quency of tho proton signal was measured by a Systronic Type 701 frequency 
counter. The crystals were mounttKi on quartz rods. The angular variation 
studies were done using a Varian E-229 goniometer. 

4. Results and Discussion 

Mn2+ has 3<^® configuration and accordingly the Hund’s rule ground state is *^85/2. 
In a cry.stalline field of low symmetry tho ground state is split into three Kramers 
doublets. An external magnetic field lifts the degeneracy of the doublets, 
prodxicing six energy levels. The EPR spectrum of a given Mn^^* centre sliould 
consists of five anisotropic fine structure transitions {AM = ±1). The nuclear 
spin of *®Mn (natural abundance 100%) is 5/2. Therefore, the total hyperfine 
structure consists of six linos (Am = 0) of equal intensity for each fine structure 
transition. 

For an arbitrary orientation of the crystal, the EPR spectium consists of a 
number of lines corresponding to allowed and forbidden transitions. The angular 
variation studies reveal th ; presence of two magnetically inoquivalont but other- 
Tise identical complexes. TheJ^principal axes of tho mangenose complexes 

wore located by searching tho direction corresponding to extrema in the spread 
of tho spectrum. The z axis is defined as the dir<M)tion of groatoat separation 
of tho hyperfine group of linos. The y axis is perpendicular to the z axis and 
tho group of lines show least separation in this direction. The x axis is perpendi- 
cular to tho z and y axes and the group of lines show intermediate separation in 
this direction. The spectrum taken at 300 K with magnetic field along the 
principal z axis of one set of equivalent Mn®+ complexes is shown in figure 1- 
The z axes of two complexes makes an angle, of 40® with each other , in the. db 
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plainO' TH© z axis lies at 20° to the a axis in the cib piano. The y axis is direotod 
along the c axis. The linewidth in the EPB spoctmni of Mn* < in NaHjP 04 - 2 H 20 
is -~8 Gauss. The angular variation studios indicate that tho observed spectrum 
has orthorhombic symmetry. Since EPR in general does not distinguish between 



Figure 1. JBPR spectrum of NftHaP0,-2H20 : Mn“' single crystals at 300 K; 
with H parallel to tho z axis of one of the magnetic complexes ol Mn?'*'. 

orthorhombic and lower symniotrios (Bowers and Owons 1956), and as tlio 
symmetry of general position is C^, the (irystal field symmetry at the Mn^^ site 
may be either orthorhombic or more probably lower. 

The spectra observed at room temperature have been analys<Ml using tho 
spin- Hamiltonian approximate to Mn*’* in orthorhombic (or lower) symmetry. 

+E(S„^-S„^)+{'^l6)W+8y*-\- 8/-0 15)8(8+1) x 

The first term represent the Zeeman splitting due to the external magnetic field, 
where /? is the Bohr magneton and g^, gy, and gz are the components of tho gr-factor 
along the principal axes of the crystaUine field. The D and E terms represent 
tho Stark (zero-field) splitting in fields of axial and lower symmotrKm, respectively. 
Tho fourth term represents the cubicjpart of the crystalline field. Tho hyperfine 
interaction between the nuclear and electronic spin is represented by tho A term. 

Magnetic field measurements were made for the allowed linos with H along 
and z axis and x axis, respectively. No measurements could be made for H 
parallel to the y axis since the linos got mixed up and consequently the various 
fine structure transitions could not bo distinguislied. Therefore, it was necessary 
to assume that A, = Ay and g, = gy in the calculations (tho hyperfine and g 
tensors are normally isotropic for tho Mn*i ion). Using tho expressions for the 
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rosojiaiioo field poj^itiojis given by Pandey and Upreti (1971) upto third-order 
p4)rtur])ati(>n for the above npin-Hanuitonian tho boHt-fit paramotors arc obtained. 
Ft vv'as found that tho contribution to tho line positions from the fourth-order 
i>erturbation term is iw^gligibly small and must therefore not be considered. The 
Hamiltonian parameters of Mn^^ at 300 K are : 

(Jz -= 2*0098±0 0005, (= gy) = 2*0092±0 0005, 

D — 104±1 X 10“^ cm“^^, E = — S4±2x 10~^ cm“i, 

a = — 3*6±1 X 10“^ — — 88-6±0*6 X 10“^ cm"“i, 

Ay) -88-8-J:;0-r)Xl0-4cm- i. 

The sign of the parameters are only relative. The relative signs of the 
paramoUu* D and A^ were obtained by comparing tl\,e second-order shifts in the 
separation bt>twoen hyperfine components for the various electronic transitions 
(Low 1960). The sign of D is then obtained by assuming A^ to be negative as 
in all the materials the sign of A^ has been found to be negative (Abragam and 
Bleaney 1970). The sign of the parameter E results from tho sign of D and the 
choice of the x and y axes. 

The g value, which deviatt^ slightly from the free spin value, shows a small 
anisotropy. The anisotropy of g is within the experimental error. The facts 
that the crystal fiold parameters have non-zero values, and that g departs from 
the free spin value, show that the ground state is not exactly Because 

of this, g may show an aTiisotropy, though it is very difficult to observe oxjferi- 
mentally. The deviation from free spin value may be attributed to tho effects 
(^f covalent bonding (Abragam and Bleaney 1970) although it is difficult to extract 
any meaningful covalency parameter out of it. 

Tho hyperfine coupling constant is very close to isotropic and any anisotropy 
is within the experimental error. The isotropic interaction is presumed to result 
from the polarization of the s shell by tho d electrons, since the d orbitals them- 
selves have Z(^ro density at the nucleus. The zero-field splitting parameters D 
and E have non-zero values. The ratio EjD ~0‘48 indicates strong rhombic 
distortion of the site. This is expecknl because of the low symmetry of the 
Mn*^^” site. 

It call be seen from tho crystal structure that there are two cation sites 
(Na^ and available to Mn^^- ion for substitution. Tho ionic radii of Na"*, 
P®^ and Mn^ » are 0*97 A, 0*35 A and 0*80 A respectively (West 1976-76). Because 
of the largo differences in tlie ionic radii and the valence states of the two ions, 
Mn® docs not properly fit in at the site. On tho other hand it firs in well 
at tho Na+ site as the ionic radii of the two ions are nearly equal and there is 
only a small difference in their valence states. The introduction of Mn*+ in 
place of Na+ in the lattice causes a charge imbalance. The neutrality of the 
crystal can, however, be maintained by simultaneously introducing an equal 
numlwr of negative charge defeats. In NaH 2 P 04 ’ 2 H 20 , the positive ion vacancy 
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ia the easiest defect to form that satisfy this roquiromont. As a result, Mn*+ 
addition will l)e accompaniod by t]\o introduction of an equal number of positive 
ion vacancies. The excess charge of vacancy will produce an extra contribution 
to the crystal field at the Mn^ position and the dirwtion of the 2 : axis is expected 
to bo along the Mn^‘ -vacancy direction. For example, in NaCl :Mn^^ single 
crystals the direction of z axis is along the Mn^^ -vacancy direction (Watkins 
1969, Shrivaatava and Vonkateswarlu 1966). Further, as a result of local charge 
compensation the symmetry of Mn^+ site in NaCl is decreased and gives rise to 
tetragonal and ortlxorhornbic spectra (Watkins 1959, Shrivastava and Von- 
kateawarlu 1966). Tt is also interesting to note that the spectra of trivaleiit 
lanthanide ions substituting for ions in CaFg are observed with cubic 

symmetry, or with tetragonal or trigonal sytnmetry. In the first case (charge 
compensation is taking place at remote sites; in tlie second an extra F- ion occupies 
the nearest vacant intorstial site, and in the third it is presumed that an O®*" 
ion replaces an F~ ion on one apex of the immediate cube of fluorine (Abragani 
and Bleaney 1970). A comimrisoii of the directif)n of Na~Na (vacancy) with- 
tho direction of axis of Mn-^ in indicate that the axis does 

not lies along the Na-Na (v^acancies) direction. This indicate that charge com- 
pensation is probably taking place at remote sites as observed in : Mn^+ 

(Folon 1965) and in monodinic (NH 4 ) 2 Se 04 doped witli Mn^^ (Jain and Venkates- 
warlu 1979). The effect of vacancy association i-o lower the symmetry as 
observed in NaCl : Mn^^ and CaF, : (R is lanthanide ion) could not bo 

dotootod in NaH 2 P 04 * 2 H 20 : bocanse the symmetry of Mn2< site is already 

lower and a further lowering of the symmetry does not affect the symmetry of 
the EPR spectrum. Therefore, only very little information about the lattice 
defects in crystals of lower symmetries can bo obtained by EPR in contrast to 
crystals of higher symmetries ^^he^o valuable information about the lattice 

defects can be obtained by EPR. 


Acfcnowledgmefit 

The ftiifchor is thankfitl to the CSIR, New Delhi for financial assistance and to 
Professor Putcha Vonkateswarlu for helpful discuasions. 


References 


Electron Paramagnetic Resonance of Transition lions. 


Abragam A and Bleaney B 1970 

(Clarendon, Oxford) Ch 5 7 ^ . n n-io Qtt 7 

Bartl H, Catfci M and Forrarias G 1976 Acta 
Bowers K D and Owen J 1955 RepU Prog, tn Phys, 18 304 
Folon V J 1965 Phys, Rev. 139 1961 

Jain V K and Venkatoswarlu P 1979 ci+o.fH Phvs Sunn 2 (Academic Press, 

Low W 1960 Paramagnetic Resonance SoMa Solid State Ihys. ^ (/vcauemic 

IsTeiJir ^f^ork) 

Pandey 8 D and Uproti Q C 1971 Ferro^ru^ 2 IW 

ShrivMtava K N and Venkatoswarlu P 1966 Proc. Ind. Acud. Sci. 63A 284 

Watkins O I) 1969 Phys. Rev. 113 79 pmaa i Loveland OH> 66ih Ed. 

West R C 1976-76 Handbook of Chemistry and Phystes (CRL Press, Cleveland, uii) ooin r-a 

r-209. 



Indian J. Phv$. SSA, 496-613 (1970) 
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Abstract. Using the theory of Faraday effect in solids developed by Both, 
the theoretical values of the transmission and the polar reflection Faraday 
rotation due to the valence to conduction band transition at the L point for 
Ge-type material, are calculated. The calculated values of the transmitted 
Faraday rotation for Qe do not give the positive rotation near the low fre- 
quency region. The theoretical spectrum of the polar reflection Faraday 
rotation in Qe is compared qualitatively with the experimental spectrum of 
InSb, as experimental results in Qe are not available and the knowledge of the 
band parameters at the L point for InSb is inadequate. 


1. Introduction 

Boswarva and Lidiard (1962) suggested that the positive rotation near the low 
frequency region in Go is due to the direct transition at the L point (£3 < — ► ij). 
However, later they pointed out their own error (Boswarva and Lidiard 1964) 
and stated that some contribution from the L point transition probably occuis in 
Ge, GaAs and GaSb but that this is qualitatively unimportant in determining 
the frequency dependence of Faraday lotation. Further, the sign of rotation 
depends upon the change in balance between the contributioiivs from electrons 
in the light valence states and from electrons in heavy valence states at the 
r point. But according to our calculations (Ray 1976), the positive rotation 
near the low frequency region is duo to all the transitions in the Brillouin zone 
and not just due to any one transition. Pidgeon ei oZ (1964) performed an experi- 
ment to determine the effect of uniaxial strain on Faraday rotation in Ge. They 
concluded from their experiment that the direct transition at the L point give 
significant contribution to the Faraday rotation in Ge on the low frequency side 
of the direct gap. Because of these controversies we devote the present work 
to the theoretical study of tho interband Faraday rotation spectrum based on 
the theory given by Roth (1964), in the energy range near the valence to conduc- 
tion band energy gap at the L point which we call interband Faraday rotation 
at the L point. 

♦ Part of the thesis submitted at the Department of Physios, Tufts University, 

Medford, MasscKshusetts, U.S.A., for the partial fulfillment of the requirements 

for the degree of Doctor of Philosophy. 
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We start with a short analysis of the energy surfaces at the L point including 
the theoretical expressions for tho band parameters. We then use this analysis 
to obtain expressions for Faraday rotation in terms of these band parameters. 
Since at the L point tho detailed knowledge of the valence band parameters in 
Ge is lacking some approximations are introduced for their estimation. The 
calculation for Ge shows that the L point transition does not give tho positive 
rotation at the low frequency region contrary to expectation (Boswarva and 
Lidiard 1962, Pidgeon et al 1964) but instead gives a negative singularity near 
the energy gap. Since no transmission experiment is possible in this energiy 
range, the polar reflection Faraday rotation spectrum is calculated. In the 
absence of experimental results in Ge, the calculated spectrum, is compared 
qualitatively with the experimental InSb spectrum (Lax and Nishina 1961), 
as the energy band structure of InSb is very similar to Go at the L point. As 
the knowledge of tho band parameters of InSb at the L point is even worse than 
that of Ge, theoretical spectrum of InSb is not possible to predict. 


2. The form of the energy surface at the L point 

The effective mass Hamiltonian for a set of degenerate states i, j near a band 
edge, in the presence of a magnetic field represented by the vector potential A is 
given by (Luttinger and Kohn 1955, Luttinger 1956) 


Dt, = D(f>P.Pg 


( 2 . 1 ) 


where 




( 2 . 2 ) 


The repeated indices a and fi are summed over x, y, z. The summation over 
n is over all those states of the unperturbed problem not belinging to the degene- 
rate set iyj at the band edge, Eq is the energy of the degenerate set, E^ the energy 
of the nth unperturbed state, (p«)i» are just the momentum matrix elements 
between the different bands evaluated at the degeneracy point and 
P. p^+{elc)Aa is the kinetic momentum. 

At the L point band edge (Callaway 1964) in the absence of spin orbit coupl- 
ing there are two degenerate space functions belonging to the representation 
, which transforms like x* and respectively under operations of the point 
group at the L point. Here the prime system is such that the z' is in (111) direc- 

tion and x* and y* axes are in (211) and (Oil) directions respectively. 
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Let us consider the following functions 

6 == x'p^'+y'Pv 

^ =* y'Px*—x'Py^ 

f^^z'yr (2.3) 

ti == 

X* 

^2 = v'- 

These functions are such that under the operations of the point group at the L 
point (Callaway 1964), d transforms as the one dimensional basis function belong- 
ing to the representation (j> transforms as the one dimensional basis function 
belonging to the representation and ^ 2^1 transforms as 

the two dimensional basis functions belonging to the representation Now 
to calculate the L point matrix elements of the effective mass Hamiltonian we 
use the prime system but for convenience omit the primes. Also for calculating 
the matrix elements we remember that the scalar product of two functions having 
the same transformation properties is non/iCro while with different transfoniAation 
properties is zero. 

2.1, The effective mass Dif^ of an electron at the Lf hand in the absence of spin 
orbit coupling 

Writing | x) in terms of functions of equation (2.3) it is evident that 
is nonzero only due to the contributions from and bands. Thus 

7), » = (l/2m) +(l/m*){2 (a„2/^3',,„)+S(6„*“/li;,',3„)} (2-4) 

n n 


whore, 


i(d\L^n)^an 


and 

(1/ V2 ){^x' I = (1/ V2 )(f I i,«*) = K (2.6) 

denotes the rth basis function of the nth band belonging to the representa* 

tion Lm and Er denotes the energy of the nth Lm band with 
mn 




mn 




( 2 . 6 ) 
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Writing 


(2.7) 

and 

6* = (l/m*)S6„V^,'„„ 

n 

(2.8) 

we get 

D, “ = (l/2m)+(a*+6*). 


Similarly writing py\x) in terms of the funotions of equation (2.3) it is evident 
that is nonzero only due to the contributions from the and bands, 

therefore 


= (l/2m)+(lM {S +S -Ai_l 

In >2n ^ "a >8n * 



= (l/2m)+(c*+6*) 


where 

c„ = (W|L*„) 

(2.9) 


= (1/W*)S y2n* 

n 

(2.10) 


The form of pt\x) shows that is nonzero only duo to the contribution from 
the X, band, therefore 


D„,** = (l/2»i)+{l/m»)S 

n 

= (l/2m)+d‘' 

where 

d* = (l/m*)S(l„*/AV.5«- 

n 

Looking at the form of p* | x) and pg | x) wo easily soe that 


( 2 . 11 ) 

( 2 . 12 ) 


= 0 = 

= (1/»»‘)S {l>nA*)l^a'>9« 

n 

=s (b.d*) 

and 

2 )^** = (b*.d). 

Exactly in a way we get the expressions for the other components of the 

effective mass, 
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2.2. The effective mass of an electron at the L^' band with spin othit coup 'ng 

When we introduce the spin orbit interaction we choose a basis set in which 
the spin orbit operator is diagonal. We take the following four states as th 

states of the band 


= (l/V2){*+»y)« 

= (1/v'2)(*+»2/)A 

7z — {llV2){x—iy)ix 

y* = {i/v' 2 ){*— 

where a and are the spin states. Then 

D,,** = ^ = D^yy 

= C 

Bify — iF = Du**'* 

Dj^** = 0 = Du** = Ai** = 
where A, C and F are given by 

^ = .^(a*+26*+c»+l/m) 

A 


(7= |-(2d*+l/«») 

and 


(2.14) 


= .J.(o*- 26 *+c*). ' ’ 

2 

From the form of and 0a we see that the effective mass Dja*® is exactly the 
same as Du“'. Also the effective masses Da#** and are exa^y e 

same and these can be obtained from that of ^y repl®®i®8 * y ' 

and that 

jD„**= B 

D,8*» ==-iB . D„»* 

where 


D = 


1 

f 


(o*-c*). 


(2.16) 


The expressions for the other components of the effective mass may be obtained! 
in a aimilni- way. Here we have neglected the spin orbit spUtting of the i, 
bands, which does noi contribute if it is far away from D,, band. Also there 
is no spin orbit splitting of the L^ and bands, 
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2.3. The effective mass HamiUonicin of the band with spin orbit coupling 

In the calculation of the effective masses we have not taken into 

account of the presence of the spin orbit energy The spin orbit operator 

being diagonal in the set of stales for the ig, band, we take 

and 

{H8 -o »)22 ~ (^**o033 = 

Finally, therefore the nonzero matrix element of the effective mass Hamiltonian 
for the band with spin orbit coupling is given by, 

AiP^^ + Py^) + CP^^ + iF[P^,Py] 

= ^44* 

7)22 = A(P^^+P„^)+GPi‘+iF[P^,P„]-A 

— -^38* 

7)23 = B{(P^^~P„'^)-i{PJ^j,+P„P^))+(b-d*)(P^+iPv)Pz 
-Hb*-d)P^P„+iPy) 

D*,i - 7)21 = 7)*42 

tn the presonoe of the magnetic field H we liav'e, 

PxP=^^ 

ic 


Using this we get, 

Dll == P-\-P 
D^ = P-P 
= P+R-A 
= P--R-A 

where 

p = ^(p,*+p„*)+ w 

and, 

B = dhHtPlc 


(2.17) 

(2.18) 


lu the presence of the magnetic field H the Hamiltonian wiU contain a term 
due to the apin splitting, which will be equal to where 2, t e ree 
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electron gr.factor and is the Bohr magneton. Substituting S — 
can write tlie secular determinant giving the magnetic energy levels as 


P+P+Sii-E 

8 n 

Q-\-8i3 

8 u 

Sn 

P+B+Sii-A—F 

8 tz 

Q+ 8 n = 0 

Q*+ 8 ,i 


P — — A~E 

8 u 

«41 

Q*+ 8 ii 

84 Z 

P-R+S^i-E 


where 


Q == B(P,-iPy)^-Hb.d*){P^+iPy)Pz+(b*.d)Pz{P,+iPv) 


(2.19) 


( 2 . 20 ) 


Writing D</ in the form 

Dij = 


whore the suponscripts (S) and {A) denote the symmetric and antisymmetric 
parts of Dij, the gt-faetor for the pair of bands (i,j) may be defined (Both 1960) as 


( 2 . 21 ) 

The subscripts a and yS denote the pseudo spin states. For H parallel to z axis 
equation (2.21) reduces to 

P{SzU 9zzHz = 


and the diagonal elements of 8 reduces to either or —g^pHtl^ and all 

the off diagonal elements vanish. Calling the j/.factor corresponding to the 
pair (1, 4) and (2, 3) as and g^ respectively we obtain, 

B-\-g^Hzl^ — gizzPHil2 = Hi 
-R+g^Hzl2 = giz^Hzl2 = 

The energy levels in this ease are obtained from 

P+Hi-E 0 Q 0 

0 P-Hi-t^-E 0 Q 

0 P-\'^% — A — ^ 9 

Q* 0 P-H,-E 


Q* 

0 


= 0 
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from ©quatiou (2.22) it can bo shown that in the absence of the magnetic field 
{B = 0) the states are two fold degenerate separated by a distance A at the band 
edge. The states and have energy E ^ and the states and have E —A. 

In the presence of the magnetic field [H 0) these degeneracies are lifted up. 

2.4. TU g^factors of the ^ bands : g^v^g^v.g'iv and g\^ 

To calculate the gr-factors we take the field H in any general direction and 
use the approximation that E ^ jS. and Sfj A for i ^ j. Calling the gr-factor 
corresponding to the pair of bands 1 and 4 to be wo obtain from equation 
(2.19) using the definition (2.21) 


fiSaiagivH = B+g^fiSii-H (2.23) 

and 

fiSaS^givH - 0+gro/?5i4.H. (2.24) 

From equations (2.23) and (2.24) with a little inspection we see that the only 
nonzero components of g^v is given by, 

== 6?iF/c-)-<7^/^/2. (2.25) 

Exactly in a similar manner, the gr-factor corresponding to 2 and 3 bands g 2 v> 
has only one nonzero component given by, 

g2vzzfil2 = ^enFlc+gJI2. (2.26) 

Now let us ©(insider a tensor g' which is equal to the contribution to the 
gr-factor from the L^i band, which is the conduction band at the L point. There- 
fore gr' will be given by 


where is the contribution to from the Ln band. 

Following a similar method as for the determination of the components 
ffy we find the only nonzero components of g\i) and gr'^v to be given by 

g\vzz = 

and 

9\vzz == — 4mF* 
where F* is the contribution to F only from the band i.e. 

F' = ai*/2w«-B3Sii (2.29) 


(2.27) 

(2.28) 
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2.6. The effective mass of an electron at the hand in the aUmnoe cf spin oriit 
coupling 

For Lix baud from the transformatiou properties of different functions as 
discussed previously we have 

j)xx 

where 


Since transforms as and py as we have, 


D^y = 0 = Dv^. 


As pz transforms as igS we obtain 


where, 

and 


i)»* = l/2m+(l/TO*) S = 1/2 ot+/* 

fn = i^n \P^ I ^2*n) 

/* = (l/m«)S/„«/iSa.2'n. 


Using the fact that p^, Py and pt transform as Lg'^, and respectively, 
we obtain 

Ipn = 0 = = Dv^ = D*y. 


2.6. The effective mass Hamiltonian of the band mth spin orbit coupling 


When we introduce the spin orbit interaction we take the basis functions 

as, 01,^4 corresponding to energy E , and corresponding to energy 

E of the bands, and 

H' 

<f>c = Eiicc 

4>c* = 


for Lii band corresponding to energy E 

Zt 


11 


and Lj>„ a and fi OQrreq>ondiiig 
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to energy of If,'„ bond, a and ^ being the spinors. With these one obtains 
the foUowing 

= ~ De^c^yy 

Dec” = ^ +/• = Dc>c'‘^ 


Dec*^ — (-^iirt'+A) 


= Dee*V» = DeV***' = 


= 0 == = De^e'” = Dtfc'** 

Dc<?>* == 0 = Dec**' = De'e'*'* = De'c'**'- 

It is evident from the form of the states and ^e'> that all matrix elements 
Dee'** ftJid De'e“* are zero. 

The matrix elements of the effective mass Hamiltonian are given by 

Dee = UP*+Py*)+MP^^-iN[P,, Py] 

DeV = D(P,*+P„*)+JlfP*»+»J^F., Py] 

Dec' = 0 — De'e 

where 

Z = l/2w-fV(2^it.8'+A)/2m*J5ii,8' (Pjirt'+A) 

M = l/2m+F 

N = ttj*A/2wi*Du,3' A). 

In the presence of the magnetic field using the relation Px P = and noting 

that the Hamiltonian will contain a term due to electron spin interaction with 
the magnetic field, which is equal to gofiS.H = 8, the secnlar determinant giving 
the magnetic energy levels is 


D(P,*+Pv*)+3fP,*--^ NHe+8ee-E, See' 

= 0 

Se'e, L{Pe'+Pv')+MP,*+^ NH,+8e'e'-E 

V 


(2.30) 
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2 . 7 . The g-factor of the [corduction) hand ; g\e, g\c 

Exactly as for the band, to calculate the gr-factor gc for the pair (c, c') 
of Lii band we take the field H in any general direction, and obtain from equation 
(2.30) using the definition ( 2 . 21 ) 



( 2 . 31 ) 


( 2 . 32 ) 


With a little examination we see from equations (2.31) and (2.32) that the only 
nonzero components of are given by, 


gczz — 9 ^ 0 — (^11,3' -f- A) 


Ucxx = ^0 = ffeVV- 


Similarly as for band we define for band gf to be equal to the contribution 
to ge from one of the bands. Since there are two degenerate pairs corres- 


ponding to 2 ^ 3 ' bands there should bo two gf, g\c corresponds to the pair of 

bands 1 and 4 with energy E and g^c corresponds to the pair 2 and 3 with 

h' 

energy E A, then the only nonzero components are given by, 


Qwz — — 2a\l7nEiif^^ 

9'2ct» = -2ai2/^(J?ii,3'+A). 

The above expressions for the p-factors can be expressed in terms of the transverse 
effective mass (me) tof the Ln band. Wo have, 

l/2(mc); = == Dyy 

= l/2m+a//m^iJii,3' 
or 

2aj^lmE^Xy2' = (ml{mc)t'-l). (2.33) 

Therefore, 


g'lete — —(ml(me)t—l) 
■^ 11 ' 8 * 

(^U. 8 '+A) 


' 2^12 — 
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3. Faraday rotation due to the interband transitions at the L points 

It is seen (Roth 1961, Ray 1976) that the conductivity tensor component 
due to interband transition consists essentially of two parts, first is the contribu- 
tion from Zeeman interaction of a band electron and the second is the contribu- 
tion from the change in matrix element due to the presence of the magnetic 
field. In this section we calculate separately the two contributions to Faraday 
rotation. 


3.1. OontribtUion arisirtg from Zeeman interaction 

We obtain the contribution from Zeeman interaction when wo put n^ = n'^ 
in the expression for for interband transitions (equation (3.1) in Ray 1966). 

Evaluating the matrix elements at the L point band edge and expressing them 
in terms of the jgr-faotors at the same band edge, since the only nonzero com- 
ponents of g* at the L point is g'zzi conductivity tensor component 
may be written as 


Hero we have evaluated the sum over k corrected for tho low frequency behavior 
as is done by Roth (1964) and Fz(x) is given by 




Let us now write 


== (Tuy+(r2g,y 

where is the contribution duo to the transition from tho pair of bands 1 and 4 

with energy E to the band with energy K and (T^a.y is the contribution 

’ ^'11 

due to the transition from the pair of bands 2 and 3 with energy*^" —A to Ln 

''3 

band with energy E . Therefore, using tho values of the (/• fact ai s calculattd 


*^11 


in section 2 we have, 


= 


6% 




ey/2'rT{mEg)^ 

( -S; ) w,) 



608 


B K Bay 


where Eg = Aasumiog that the effect of the band is large compared 

to other bands wo get, 

Using this relation and equation (2.33) we obtain 

Exactly in a similar way 


_ ^9 f I \»/* / ^ 1 \ ^ 

6V^m(Eg+A)i (Eg+A) ((^)« 

xFg{ml(Eg+A)}. 

Lot us take and to be the contribution to the rotation from Ci^y and (Xga^y 
respectively, then using relation between the rotation and conductivity tensor 
component (relation (1.1) in Ray 1976) we can write 0^ and 6^ in the form 

6^ = d^^HFyUwlFg) (3.1) 

and 

= d,^HF^{wl{Eg+A)} (3.2) 

where 

dg, = - 20.68 

and, 

0„, = -20.68 

To evaluate the reduced effective mass jn we have to use the relations 

/* = (3.3) 

where, fit and fit are the transverse and longitudinal reduced effective masses, 
and 

mlfit = (3/2)(m/(mc),-l) (3.4) 

ml/ll = w/(TOe)i+(E,i,8'/^8x*s')(W(’«c)<“l)~l. (3-6) 

In deriving equation (3.4) we have assumed that the contribution to .4 as defined 

by equation (2.13) from i^« bsmd to be large compared to any other band, and 
in deriving equation (3.6) we assumed that there is only one £r, band which we 
call i^n and that dj^araj, since is not known, This equations (3.3) to (3.6) 
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give th,© reduced effective maiiii; /<, which has to be used in equations (3.1) and 
(3 2) to get Ogi and 0^. 

3.2. Gontribution arising from change in matrix element 

In terms of effective masses DtfK as defined by equation (2.2) and Dj/'*S(»'), 
contribution to from n" band only wo can write the contribution to the 
conductivity tensor arising from tho change in matrix element (from equation 
(3.2) of Ray 1976) as 




X — - 


We now assume that the contribution from the pair of valence bands (1, 4) and 
(2, 3) can be considered independently of each other. With this approximation 
all the nondiagonal for both the pairs (1,4) and (2,3) are neglected and 
^ 0 only when a — fi or ol, fi ^ x,y when ct^ p. To calculate the matrix 
elements we need to evaluate the above equation, the basis functions 
and 04 are used for band and tho basis functions 0c and 0c' arc used for the 
band. In evaluating the matrix elements of the band we take into account 
the interaction of the band with and bands only, and for calculating 
the matrix elements of the baud we consider the interaction of tho band 
with and bands only. Lot and be the contribution to the con- 
ductivity tensor duo to the transitions from the pair (1,4) of the L^t band to 
band and from the pair (2, 3) of the to band respectively and 0^ and 0^ 
tho corresponding contribution»s to Faraday relation. With the above epproxi- 
mations and the approximation di'^ cfi, and using the relation (2.33) one gets 

(3.6) 

(3.7) 


0^ = O^HfiwjEg) 




where 


^08 




_ 41;36(W»^ «,/(,».),-!) 

'^^vEg 

X ^(m/(me)i4-7)— (»re/(”»e)»~^)] 
X [ (ml(me)i +7) - 
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and, 

X 

^03 and ^04 aro in dog/cin-KG. and Eg and A are in eV and /(a?) is appearing here 
due to sum over h correct.ed for the low frequency behavior (Ray 1976). 

3.3 Conclusion 

Equations (3.1), (3.2), (3.6), and (3.7) give the contributions to the Faraday 
rotation duo to the interband transitions at the L pvint. For Ge, = — 12*47, 
^02 = —11*88, 0Q2 ~ —8*82 and Oq^ = —7*98. The values of the band para- 
meters used are the cyclotron resonance values (Dresselhaus, Kip and Kittel 
1955) and the values of the band gaps used are the ultraviolet reflectivity measure- 
ment values of Burst et al (1962). The values used are 

m/(mg)/ = 0*6; 'ml{mc)t = 12; A = 0*2 eV; 

=: 2*1 oV; and ^ 6*7 eV. 

Thus from our calculations wo see that the L point transisions for Go do not 
account for the positive rotation at the low frequency region as was concluded 
by Pidgeon et al (1964), but instead give a new negative singularity near the L 
point energy gap. 

4. Contribution to the polar reflection faraday rotation due to the 
interband transritions at the L point 

The usual method of measuring the Faraday rotation in transmitted light is not 
possible in a semiconductor in the frequency range whei*e it becomes opaque. 
However, the Faraday rotation also occurs on reflection from a semiconductor 
near the absorption band with a magnetic field normal to the surface and has 
been observed by Lax and Nishina (1961) in InSb near the L point transition 
energy range. This is knonw as plolar reflection Faraday effect, in nonferro- 
magnetic materials, and shohld be observable in Ge near the L point energy gap. 
To examine the validity of our calculations for Ge we evaluate the theoretical 
polar reflection Faraday rotation spectrum nerar the above energy range in this 
Bection« 

From macroscopic theory of Faraday effect one can get (Argyres 1966) 
easily the polar reflection Faraday rotation Or to be given by 
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whore Iin means imaginary part and N is the complex refractive index of the 
medium given by 

jV n+ifc. (4.2) 

If the medium is nonabsorbing, <ry IN(N'^-^l) is real and the rotation of the 
roleoted beam vanishes. 

Let us take ^ 4 r ho the contributions to the polar reflec- 
tion Faraday rotation from (r^xy ^®id calculated in section 3 

due to the interband transitions at thcr L i>oint. Then from the expressions 
for (Ti^y, i = 1 to 4 and equation (4.1) we obtain 


0,r - doirH[n,F\i(wlEg)+kr2rHEy)^ ■ 

02r = 9o2rH\7l^yF\i(w|(Eg+^))+k^,F2r{^ 

= 0Q^rH[7lQf\{w|(Eg+^S)}-^k^if'r{^v|{Ey+^)}\ 

whore, F'^ix) = F^ixyx, and f'(x) =f(x)lx. F\r{x) and F\ri(x) are the real and 
imaginary parts of P\(x), fr{x) and ft{x) arc the real and imaginary parts of 

/'(*)• 

Too = (n+l)/2{(«+l)«+*'}+(«-l)/2{(«-l)*+fc*}-«/(«*+**) 

*0 = fc[l/2{(»i+l)2+F}+l/2{(«-l)Hfc'^}-l/(«'"+**)] 

O^lr == 0-0059nOoilFff . for i - 1 and 3 

= 0-0039»(?oj/(^ff+A) for t = 1 and 4. 

Wo note hero that the “effoctivo gap” as discussed ju Ray (1976) does not 
Ixave any contribution to the polar reflection Faraday rotation, since (T^ylN{N^-l) 
is real in this case. 

Using the expression for dir, * - 1 *'» calculate the p(,lar reflection 

Faraday rotation spectrum near the L i>oint energy gap for Go and this is shoAvn 
in figure 1. The values of n and k used are those of Philipp and Taft (1959). 
The calculated values of Ooir, i - » ^ for Go are, = -0-0926, 

= -0-0814, = -0-0654, and 0„,r = -0-0621 . Tlie values of the band para- 

meters and band gaps used are given in section 3.3. One important point to 
note here is that the contribution from Zeeman term predominates and is res- 
ponsible for the qualitative feature of the spectrum, whereas the contribution 
from change in matrix element is small and may be neglected. 
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Figure 1. The theoretical polar reheotion Faraday rotation of Ge as function 
of w at 77«K. 

5« Discossloii 

As there are no experimental results of polar reflection Faraday effect in Ge 
near the L point energy gap, it is not possible to assess the validity of our cal- 
culations at the present moment. However, a measurement of the polar reflec- 
tion Faraday rotation spectrum in Ge near the above energy range will not only 
indicate the range of applicability of the present model, which satisfactorily 
explained the interband Faraday effect in semiconductors (Ray 1976) and inter- 
valence band Faraday effect in Ge (Ray 1978), but also might enable us to evaluate 
the imknown valence band parameter which we have taken approximately 
equal to 

There exists an experimental result (Lax and Nishina 1961) for the polar 
reflection Faraday effect in InSb, but the band parameters at the L point of 
this material is not known well enough to enable us to evaluate the theoretical 
spectrum. Since the energy band structure of InSb at the L point is very similar 
to that of Qe it is heartening to note the similarity between the theoretical curve 
for Ge and the experimental curve of InSb, including the order of magnitude 
of the rotation. We notice, however, two dissimilarities, namely, that the theore- 
tical curve predicts negative rotation whereas the experimental curve shows 
positive rotation, and that there is a change in sign in the theoretical curve on 
the higher frequency side of the band gaps. The first discrepancy could be due 
to the opposite convention of sign used by Lax and Nishina (1961). (These 
authors did not specify the sign convention used by them. The sign convention 
used by the present author is the same as that used by Argyies (1966)). and the 



Intev^and Faraday rotation in germanium 613 

second may be due to the noninolusion of the background rotation in the theory. 
For InSb it could be reasonable to try to fit the experimental curve with the 
theoretical expressions given in section 4 treating the unknown band parameters 
as variable parameters. The values of the unknown band parameters for the 
best fit should at least give an approximate idea of their magnitudes. This 
should also be true for other III-V compounds having tre Ge-type band struc- 
ture at the L pvint. 
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Abstract. The EPR investigations of Mn®‘ doped Zn(C 104 ) 2 . 6 H 20 have 
been made between 300 K and liquid nitrogen temperature. Mn°+ replaces 
at trigonal sites in the crystal and shows the characteristic thirty line 
hyperfine spectrum for the magnetic field H along the crystallographic c-axis 
at room temperature. Hyperline forbidden transitions are observed for H off 
the c-axis. The observed line-widths show normal behaviour. The tempera- 
ture variation study indicates the possibility of a dist^)rtion in the crystal 
field at the site at 284^2 K. 

!• Introduction 

Electron paramagnetic resonance study of Zn(C104)2.6H20 : Mn2+ at room 
temperature was firnt reported by Fritz and Yarmus (1968) wb.o used the experi- 
monla] arrangomonts in which the static magnetic field II coiJd ho kept parallel 
to the microwave magnetic field as well as in tl\o conventional perpendicular 
orientation. Their main interest was to obtain tl\o relative signs of the spin- 
Haniiltonian parameters directly by comparing the spectra for those two confi- 
gurations and to obwve the normally forbidden transition {KM = ±1, 
Km ~ ±1) in the parallel field case. Those transitions are observed with H 
parallel to II^ due to the breakdown of the selection rulas normally forbidding 
them. Th,o purpose of th,o present EPR study is to observe hyporfino forbidden 
transitions in the perpendicular field case at room temperature, to find out the 
relation in the liiiewidths of different groups and to investigate any possible phase 
transitions in this system as it belongs to a series of isomorphoua compounds 
M(C104)2.6H20 (M = Mg, Zn, Fe, Co, Ni and Mn) which sliow phase transitions 
(Dozsi and Keszthelyi 1966 and Chaudhuri 1976). Wo liavo recently reported 
the studios of EPR and phase transitions in Mn^ ^ doped Mg perchlorate hoxahy- 
drate (Dayal et al 1978a) Fo, Co and Ni perchlorate hoxaliydrates (Dayal ct al 
1979a) and Cd perchlorate hoxaliydrate (Dayal et al 19791), Dayal 1977) crystals. 

Present Address : Department of Physics, Aligarh Muslim University, 
Aligarh 202001, 

m 
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Gryctal Stractare 

The crystal stiuoturo of Zn(C104)2.6H20 (honcoforth to h« roforrwl to as ZnPH) 
was doterminod by West (1935). ZaPH possosi-os Mg(C104)o.f)Hs.0 (MgPH)- 
typo structure. However, there is a little diffenaice ia the stnuitare of ZaPH 
and MgPH. In ZaPH, there exists an iadefinitene,s.s ia the jKM'iodieity in tlve 
plane normal to the crystallographic c-axLs This was first n>ported by- West 
(1936) and has been studied recently by Ghosh and Ray (1977). ZnPH crystallizes 
in pseudohexagonal form with ortb.orhojabici space group The orfherhinobic 

unit cell contains two molecules and its dimeasdons (Ghosli and Raj- 1977) are 

a ==7-716 A, 6 = c = 5-22 A. 

Surrounding oa-h Zn*+ there are six water molecules arranged on the face 
contms of a onbo, ono of w}\oso body diagojnals is along thet (^rystallograpliio 
c-axis. THoro is a oxtonsion of tho calx's along th.ls axis giving llio configura- 

tion a trigonal symmotry in ilu^ ps<»iidol\oxag()nal crystal. Tl\o configuration 
about tlio Socond Zn^'^* in tlio unit coll is obtained fioni tb.o linst by a rotation 
about tho c-axis. If roplaoos ia ZnPH and trigonal syinniotry is 

exact, tho spectra of the two ions in tlie unit cell will ooinciedo. 

3. Experimental detailts 

ZnPH is prepared by dissolving zinc carbonate in dilute p<^r(*hloric acid. 
Crystals of ZnPH : are grown by slow evaporation of aqueous solution 

inside a desiccator containing (xmcontranxl sulphtirio acid. Tho crystals grow 
in the form of long slender h('xagoiial prisms (1010) witl\ end faces not icdiaitifi- 
ablo. They are h,ygroscopio and wero tlieroforo coated witb. 1 : 1 mixture of 
paraffin oil and petroleum jelly before proewding for EPR stiidy. The EPR 
apootra are rojordod using an X-band Varian V-4502 spoctromoior with 100 kHz 
field modulation and a 0-inch electromagnetic. DPPH is used as a standard field 
marker taking Qdpph ~ 2*0030. Tomporature variation is done M^ith the help 
of a Varian V-4540 variable temperature aecossorj^ A copper constantan 
thermocouple placed at the surface of the crystal and a Lf^eds and Northnip 
standard potentiometer give temperature measurements with an accuracy of ilK. 

4. Results and discussions 

A. Bdohn tempercUure study 

The EPR study of Mn®+ doped ZnPH at room temperature has been made with 
magnetic field H in the a c and a b planes. Tho principal axes of the 
complexes are located by studying tlie angular variation of tJu) spectra in these 
crystallographic planes and getting the extrema in the total width of tl\e spectra, 
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The total width of the EPR spectrum is maximum for H parallel to the c-axis 
and the spectrum oondsts of charaotoriatio 30 linos of the allowed hyperfine transi- 
tions (AM == ±1, Am = 0) of Mn*+. Angular variation of this spectrum in the 
a c plane shows that the total width of the spectrum decreases when J3 is off the 
c-axis and attains a secondary maximum for H parallel to the a-axia. Angular 
variation study in the ab plane shows that the spectrum is nearly symmetric 
about the c-axis. From these studies, it may be concluded that Mn®+ goes sub- 
atitutially at Zn^+ sites in ZnPH and is thus surrounded by water octahedron 
stretched along the c-axis. The c-axis is the principal 2 -axia. 

The angular variation of the EPR spectrum m'ay be presented by the spin- 
Haniiltonian (Burley 1964) 


whore g is the splitting factor, ^ is the Bohr iriagneton, H is the steady miagnetio 
field, 8 is the spin angular m'jmtmtum operator, D and F are axial crystal field 
splitting parameters with second and fourth degree term's ‘a’ is the cubic field 
paraideter, A and B are hyperfine constants parallel and perpendicular to z-axis, 
Q' is the quadrupolo interaction param6tor, y, and / are the nuclear gyro- 
niagnetic ratio, nuclear mbgneton and nuclear spin operators respectively. The 
2-axis is chosen along the oryatallDgraphio c-axis. The values of the spin-Hamil- 
tonian param6ters obtained are 

yi, = 2-0026 ±00010, = 2-0005±0-0010 

D = 126-60±10 G, (o-JJP) = 10-2±l-0 G 

A = -93-60±10 G, B = -94 0±200 G 

T^ signs of the parambteta are relative. These values agree with those obtained 
by Fritz and Yamius (1968). 

The hs^perfine forbiddffli transitions (A3f = ±1, Am = ±1) are observed 
between the lines of the allowed central hyperfine sextet [M = 1/2 -► —1/2) 
when the magnetic field i? is off the c-axis.- These are ed^own in figure 1 for JET 



Electron paramagnetic resonance stndy etc. 617 

at 30° from tho c-axia in the a c piano. Tl\o separation of the hyporfine forbidden 
doublets is given by 



Figure 1. Hyporfino forbidden (AM — ± 1 , Aw = il) doublets between 
M — +1/2 —1/2 transition for H making an angle 30^^ from the c-axis in 

tho ac piano in Zn(Cl04)a.6HaO ; Allowed transitions of other groups 

(M = +3/2 +1/2) overlap with these doublets. 

whoro y ia tho gyromagnetic ratio of tho Mn®* iiuclous, 0 is tho anglo between 
the principal 2 ;- axis and H lying in the d c piano and w — 5/2 for doublet 

occurring between m = —5/2 and m ^ -3/2 allowed transitions, and v ia tho 
frequency of microwave radiation. Using the above equation and doublet 
separation in the spectrum for H at 30° from the c-axis, tho value of Q and 
'yS 

~ been obtained aa 

0 

Q' = -O-OOl G 
j!j^ =0’86xl0-». 

gfi 

Tho valtio of for Mn»‘ iiucloua dotormined here* agr<»e0 fairely well with that 
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obtained by other workora (Srivastava and Venkatea-warlu 1966, TTproti 1972) 
The lino widths in the EPR fipootrum arc very much aenBitive to concontra 

tion in ZnPH. Also the EPR lines of the central hyperfine sextet 
(M = +1/2 •-> —1/2) have smaller width than those of the outer sextets involving 
larger quantum numbers M. This is th<^ usual behaviour and has been explained 
by Vanier (1964). 

B. Temperature variation study 

We have studied the temiHU'ature dependence of the principal z-axis spectrum 
so as to detect any change in the crystal field symmetry at Mn2+ site. Such 
changes are best observed along tl\e principal axes (Muller and Berlingor 1971) 
As the t(^mpt^rature is lowt^red, the total widt]\ of the spectrum does not 
change much. The principal axes also do not change tlioir orientation until 
284 K. At about 284+2 K, some distortion is observed in the line shapes of 
the groups {M +5/2 a ^ ±3/2). This distortion gradually increases with 



tl±.t±J 

Figure 2. A comparison of the EPR spectra of Mn^+ in Zn(C 104 ) 2 . 6 H 20 for 
H parallel to the c-axis at different temperatures. 7*8 indicate hyperfine 
forbidden transitions. 
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further decrease in temperature. Figure 2 allows a eompariaou of the spectra 
recorded at various temperatures for the magnetic fu>ld H parallel to the c-x«is 

A gradual distortion in the line shapes of the groups (M = ±6/2 < ^ ±3/2) 

with tomporatixi’o ia clearly aocm in figure 2. 

At lower temper at urea, Uyporfiiio lorbicldou tranaitions (AM = il, 
Am r= ±1) between tlio oeiitral allowed transitiona [M =-112^ -1/2) appear 
oven for H parallel to tho c-axis as seen from liguri^ 2(d). The intensity of these 
transitions is more for lower iomperatur4^.s. This indicates that the principal 
s-axis is no longer parallel to the c-axis at lower temperatures. 

From the line shape distortions and tlio appearance ()f the hyporfino forbidden 
transitions even for H parallel to tiui c-axis, it seems tliat t]\oro occurs some 
cliango in the crystal field syinmotry at about 284it;2 K and it goes on increasing 
with the fall of tcmiperature. Further studios are Jieodod to check the possibility 
of a phase transformation in the crystal around this temperature. 
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Abstract. An ultrasonic pulao echo apparatus for the measurement of tho 
velocity of ultrasonic waves and hence elastic constants in solids has been set 
up, Tho apparatus can be used for both the conventional pulse echo technique 
and coherent pulse/CW technique. Velocity of longitudinal ultrasonic waves 
in polymer glass (polystyrene) under different degrees of polymerization has 
been studied with tho apparatus. 

1. Introductioii 

Tho ultrasonic pulse echo (Truoll al 1969) and tho continuoun wavo (Bolof and 
Klork 1963) toehuiquo.s aro tJxo niont Huitablo niot}»odH for tho dotorinination 
of tho volocity of ultrasonic waves in solids and hence their elastic properties. 
Do Klork (1966) developed a colieront pulae/CW technique wliich combines both 
tlio pulse echo and tln^ continuous wave (CW) tocliniques and thus utilizes the 
advantages of both tl^e techniques in a more convoniont way for measuring tho 
acoustical wave volocdty in solids rapidly. Th.e instrument that we hS'Vo set up 
is aimed at measuring tho velocity of longitudinal and transverse acoustic waves 
of frequency 8 MHz in solids by coherent pulse/CW technique. The experimen- 
tal Set up presented here bo's the advantage that it can be readily converted into 
pulse ecl\o tet^hniquo to measure the volocity of acoustic waves in solids, both 
compressional and transverse whore the former method cannot bo adopted owing 
to largo ultrasonic attenuation in some >Solids. We have used the pulse echo 
technique to measure tho velocity of longitudinal acoustic wave of frequency 
8 MHz in polymer glass in which large ultrasonic attenuation renders tho coh^tti 
pulse/ CW technique inapplicable. The specif nens used are, (i) Polystyrene, 
(ii) polystyrene 4-1 6 Molar AIBN, (iii) Polystyrene4~10'“'^ AIBN, where AIBN 
stands for Azo-bis-isobutyronitrile and acts as initiator. The purpose is to see 
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whothor tho pro-senco of intiator at difforont concontrationK which corrospondingly 
deoroa^oa the molecular weight from that of the pure sample causes any detectable 
change in ultrasonic wave velocities and hence elastic constants. 

2. Ezperimeatel 

Principh of oohereM pulse! CW technique 

It can bo aliown (Bolof and Menes I960) that if the sample, the transducer and 
tho bond is considered as a composite mechanical resonator, the acoustic wave 
velocity v in the sample can bo written as, 

V = ^ 2/Av 

neglecting the mass correction duo to the transducer. Here and are the 
two successive mechanical resonance frequencies, Av is the average frequency 
separation between them and I is the length of the sample. 

The coherent pulse/CW technique which is based on interference principle 
(Do Klerk 1965) can be employed to measure Av. In this technique, short <iura- 
tion r.f. pulses are goner atcnl by campling tho output of r.f. signal generator to 
a gated power amplifier. This short duration pulse of th(^ carrier frequency 
excites a pieze-eloctric crystal of quartz which is cemented to the specimen 
under tost, A single transducer is used both for transmitting and receiving 
purposes. The acoustic pulse travels down tf) tlie specimen and is refloctcxi 
back from tho end surface of tlu^ spociiiKUi to the transmitting quartz crystal. 
Tho successive echoes are tl\en conv(M'tfxl into ekvctrio pulst^s by tho transducer 
and are then fed into tho input of an amplifier. A low level continuous r.f. signal 



IVO^Filquoiioy Counter, BFS.G-Badio Frequency Signal Generator, P. O.- 

F”*A.-^'*Amplifi®«-. RI'G- Frequency Gated Power Amplifier 

Afa|»lifior and Detector, e-Sample 
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Instrumentation : 

Block diagram of tlio complete instrument is shown in figure 1. The instru- 
mentation is basically the same as used by Sinha and Ghatak (1972) with some 
modifications in the circuitiy of pulse amplifier and receiver keeping in view with 
the availability of coinponouts and better performance. These two circuits 
are shown separately in figures 3 and 4 respectively. The circuitry for the gated 
power amplifier is based on tho same principle as used by De Klerk (1965) and 
is exactly tlio same as used by Sinha and Ghatak (1972i for their ultrasonic 
measurement purpose. 



WIDE_BAND AMPLIFIER & DETECTOR 

Figure 4* 


Pulses of about 12 V and of O'Sfc sec duration are obtained from a PM6711 
Philips Pulse Generator. Since a higher amplitude pulse is nocosaary to gate 
the power amplifier, a pulse amplifier as shown in figure 3 is used. The initial 
positive going pulse from t}\e pulse generator is used to trigger the schmitt trigger 
circuit, the output of which is ^60 volt. It is tb.en fed to the input of the one 
shot multivibrator and tlve large positive going pulse which is '--'130 volt is 
obtained at the output without any appreciable distortion. A cathode follower 
has been used to h.ave low output im]>edenco. This positive going pulse is then 
applied for gating the power amplifier wh,icli provides enough power to,, excite 
the quartz transducer. The frequency of tho r.f. can be eh.angod by changing 
the frequency of the standard signal generator (Systronics No. 1101). The 
repetition rate of the pulsed r.f. can be changed by changing the repetition rate 
of the pulse generator. Since the measurement has boeii done for a fixed fre- 
quency, a simple transformer coupled type wide band amplifier is designed as 
shown in figure 4. It has throe stages, staggered tuned so that the overall gain 
is uniform and is more than 60 db with a bondwidth of 2 MHz centered round 
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Figure 2: I’hotograph of c.ohoronl piilos/fW signalu in alinninium snmplo. 
Kig. (a) shows tho ‘in phase’ condition bolwoi'n tlie pulse echo and the CW 
feiigiialH (rcjsonaii«*o). 



VlE.V>/ 


Fig. 5b The odgo as shown is coat-tul, so that tho back is electrically connoc- 
tod with the outer ring of tho front. 
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Figure (b) shows the ‘out of phoso’ condition betwooii the CW and pulse 
signals (out of resonanoo). 
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Figure 6: Oscillograms of echo pattern in polystyrono glass's in simple pulse 
(H;ho technique. Figure 6 (a) shows the jjattern before Iho pulses superposition 
method is applied. Figure 6 (b) shows the pattern during the ‘in phase* 
condition when pulse superposition method is applied. 
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obtained from the same signal generator via an attenuator is thon mixed with tlio 
pulse echo signal as shown in figure 1. Since tl\e wave that traverses through 
the sample suffers phase change, interference hot ween the two signals will occur. 
Constructive interference between the two signals will occur when the phases 
difference between them is rn radians, whore t is oven integer. Destructive 
interference will occur for all other pliase differences, maximum occurring when 
r is an odd int^or. By adjusting the level of continuous wave signal to that 
of the early echoes and by changing the frequency of tlie r.f. signal generator, 
successive mechanical resonance frequoacies corresponding to a phase difference 
of m radians between the pulse echo and CW signals are obtained. The envelop 
of the resultant echo pattern is exponential at the in-phase condition as shown 
in figure 2a. The slightly non-exponc«xtial character in tht> echo envelope of 
figure 2a is due to non parallelism of the sample. When the CW and the pulse 



PULSE AM PLIFIER, 

Figure 8« 

signals are out of phase, a sinusoidal modulation signal appears on tlie pulse echo 
envelope as shown in figure 2b. Oscillograms of figrxre 2 have boon taken using 
a X-cut quartz crystal of fundamental frequency 8 MHz bondcKl to a cylindrical 
rod of almniuium of 2 cm in length and 1*5 cm in diameter. 

Principle of pulse echo technique : 

With the variable attenuator disconnected, that is, with the absemee of the 
low level continuous r.f. signal which mixes with the pulse echo signal causing 
interference, a normal pulse echo pattern is obtained on the time base swcjep. 
The repetition rate of the r.f. pulses are then adjusted to cause of superposition 
of echoes and the repetition rate frequency is measured by moans of aix electronic 
counter to yield the velocity of the wave in the sample. This is what |s known 
as pulse superposition method (Meskimim 1961). 
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8 MHz. Tho amplifior is followod by a diode detector IN34 and the final video- 
visualization of the resulting pattern wore obtained on a C.R.O. 

For coherent pulso/CW tochniquo, the frequency counter (Ec, Fc 731) is 
connected with tho signal generator to measure the successive mechanical 
resonance frequencies. For pulse echo technique, the variable r.f. attenuator 
is disconnected from the amplifier and the frequency counter is connected with 
the pulse generator to measure tl‘,o repetition rate of the pulsed r.f. 

A reflection type sample holder which includes the transducer bonded to 
tho sample has been used and its design is almost the same as that used by Sixfiia^ 
and Ghatak (1972). 

The transducer is of quartz crystal, having fimdamcmtal frequency 8 MHz 
J inch in diameter, gold plated, wrap-around type as shovTi in figure 5. 





VIE-W^ v>E.v/ 

Flgave 5: Coras sectional view of the transducer. 

Figure 5 (a) The shaded portions in the diagrems is geld coated. 


Preparation of the samples 

Three samples for polystyrene were used in this study. Sample I was pre- 
pared by thermal polymerization of styrene (inhibitor free) at 60°C. Samples 
II and III were prepared at OO^C using azobisisobutyronitrile (AIBN) as initiator. 
The AIBN concentrations used were 10“® mole/litre and 10"* mole/lietre res- 
pectively for sample II and III. It is a common knowledge in free radical poly- 
merization that the molecular weight of the polymer decreases with increasing 
initiator concentration, the thermal uncatalysed polymerization yielding the 
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WgheBt moWar weight. It is therefore expeot<Hl that the molocular weightB 
of the saniphi used in this study will follow the order Haniple I > Sajuplo II > 
Sample Til. 


Tho saaiplo.s ar(. finst cut iti cyliiulrical .sliapc with about 1 cui in longth 
(given later in the ta]>l<i 1) and 1*5 mu in dianiotor. Tho cutting i.s such that tho 
two aurfacea are reuderml parallel. They are initially ground in tJu^ grinding 
wheel with 325 carboruuduni powdi^r and then finally witli 600 alunduin powder 
on a ground glass top. Extreme j^recautions are iaki^ji to rnak<^ the surfaces 


scratch lrt)e. They ar(» then polished on a polishing maclune fitted with a 
rotating wheel covered with lelts on which arc sprayed chromium and magnoaimu 
powder. TJio polisliiiig i)r(>C(^ss is dom? alternatively with clu'omium and magne- 
sium powder for several times until tlui Surfaces appear perfectly polisJuul. Tho 
final touch of polishing was done witJi chamois leather. 


2. Results and discassion 

Using X-ciit cpiartz crystal and luudamental rroqmvncy 8 MHz, inoasuremonts 
Wiu’o done on (i) Polystvrcmt^ (mly witJ\out any initiator, (ii) Polystyrene-!- 10“3 
Molar AIBN as initiator, (iii) Pvily.styreno |-10 3 Molar ATBN as initiator. The 
ultrasonic attenuation in tlve samph^s are very Jiigli as is <widont in figure (6a) 
taken for p ilystvrene only. TJie attenuation increase's with, incrcsise ol‘ initiator 
concentratioji. Beeausi^ of tJiis Jdgl\ ultrasoniit attenuation wJucJi n^snJts in only 
a few numhe^rH of eoluxjs, puls(^ eclio tecluii(iu(‘ has been usi'd to measuiu^ acc»ustical 
wave velocity in thoHo samples. 

Longitudinal ultrasonics waves of frequevney S MHz wer(‘ gc'iuuated iji tJie 
samples ])y using A-cut quartz crystal whicli is bonded <o si^ecnmcMis under 
tost with an extremely thin fihii of Bow Corning 206 siIic*one oil having viscosity 
of ^30,000 cs at 25"C. 

In tho pulsii superposition metliod (Meskimin 1961) that we have used in 
the present uieasuremont the repetition rat(> fn^quoni^y oi the pulse generator is 
critically adjusted so th,at the 1st eclio of the 2nd pulse superposes on the 3rd 
eco of the 1st pulse and the ajnplitude ol the sunimed (echoes is juadc a maximum. 
This simple ‘in phases’ condition is attained in our experiment without the use 
of amplifier which has a tendency to sliglitly distoi t tl\e pulse shapes thus affect- 
ing the accuracy of tJio exporinieni. Oscillograms showing the in phase condi- 
tion is shown in the figure (fib). 

Repeated measurements were taken- on tho same specimen to evaluate 
reproducibility and influence of the film us(‘d. 

From the table 1, it in aijparent that tl\e preneiice of tlu' initiator which 
docroasea the degree of polymorization does affect tlxe velocity of compressional 
ultrasound in polymer gla.ss altliough the variation is small. Tho velocity of 
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comprosaional ultrasound in polymer glass decreases with the decrease of at^erage 
molecular weight or size of the polymer molecule. It is kno^m that the modulus 
of elasticity of polymer increases with the average molecular weight and tlio 
curve? gradually platt>aus off as tho degree of polymerization attaining high values 
{Scihmidt and Marlios 1948). The molecular densities of the polymer remaining 
tho same at tho high degree of polymerization in tliia case, the velocity of acoustic 
wave in the polymer samples should also follow tho same i)ehaviour as tho modulus 
of elasticity with respect to average molecular weight. This is exactly what we 
obs^^rvo in our present case. 


Table 1 


Sample 

Length of the 
sample (cm) 

Average round 
trip time 
(in /4sec) 

Velocity in 
the sample 

1 ) Polystyrene 

0-941 

9-1492 

2-067 X 10® om/sec 

2) Polystyrene 




4- 

10“^ Molar 

AIBTSr 

0-928 

9-1338 

2-032 X 10® om/sec 

3) Polystyrene 




4“ 

Molar 

AIBN 

1-048 

10-4330 

2-009 X 10® cm/sec 


For transverse waves, successful measuromouts liavo not yet been achieved 
with tlie present arrangement. Both silicone oil and solol (phenyl salicylate) 
were tried as bond but iha attempts faihvl to detect any echoes. Determination 
of both eompressional (r^.) and transverse (??^) velocities will load to tho values 
of Lamo’s constant A and fi from the following relations, 



and 

(2) 

where p is the density of the solid. These two elastic constants completely 
define the elastic properties of an isotropic solid. 
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Abstract. The hot-eleotron conductivity characteristics of cadmium selenide 
have been calculated using a displaced Maxwellian distribution function. It 
is found that polar-optical phonon scattering plays the dominant role in 
determining the mobility at both 300 and 77 K. The mobility at 300 K does 
not show any appreciable change upto a field of about 15 kV/cm. At 77 K, 
on the other hand, hot -electron conduction sets in at a field of about 1 kV/cm. 
The effect of the coupling constants for the different scattering mechanisms 
on the high-field mobility has been discussed. Marked non-linearity of the 
high-field conductivity characteristics at 77 K suggests the possibility of ejfficient 
harmonic generation in this material. 


1 • Intrcidactioii 


For calculation of the ourront conduction in semiconductors under high field 
condition one has to solve the Boltzmann equation taking the various scattering 
meohanisms into account. The Boltzmann equation can be written as 


9J\ 

dt 



( 1 ) 


where / is the distribution function of the electron system. The subaoiipts F 
and j refer to the change of the distribution function due to the applied eleotrio 
field and due to the ^'th collision process respectively. 

The complications involved in the solution of the Boltzmann equation with 
polar optical phonon scattering which is neither randomizing nor elastic, can 
be avoided if one assumes that the carrier concentration in the sample is large 
enough for carrier-carrier scattering to predominate in both the momentum 
and the energy exchange processes. Interoarrier coUisiona do not change the 
total momentum or energy of the electron system, it only tends to equalise the 
momentum and energy of the carriers (Stratton 1958). Under this condition 
all the carriers have the same drift velocity and the distribution function becomes 
a displaced Maxwellian distribution function given by 

/ = [)i»/(2»n»*ifci,T.)»/»]exp[-fc» | k-d\ (2) 
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where ft = hl2n, h being the Planck's constant, m* is the effective mass of the 
electrons and JT* is the electron tomporaturo. d is the common displacement 
of the electrons in the momentum space and k is the momentum wave vector 
for the electron syatem. 

For electron-electron collision to bo dominant in both the inoinontum and 
energy exchange processes, the carrier concentration for moat of the common 
semiconductors should bo in the range of J x 10i« to 1 x cm-^ (Stratton 1968). 
For the displaced Maxwellian distribution function to be established what is 
more important is that the momentum be randomized and this is achieved at a 
carrier concentration one order lower. This explains the good agreement 5f 
the theoretical calculations based on the displaced Maxwellian distribution func- 
tion with the experimental results in samples having a cari’ior concentration 
one or two orders lower than that required for the predominance of intercarrior 
scattering in the momentum and energy exchange processes (Nag 1972). More- 
over, the calculations based on the displaced Maxwellian distribution function 
have the inherent accuracy associated with the method of variation of paja- 
metera. 

It is now well established th^i't the hot electron conduction characteristics 
of many semiconductors can be explained by calculations based on the displaced 
Maxwellian distribution function. It is to bo noted tliat recently numerical 
techniques, such as Monte-Carlo simulation or tlu' method of iterative integra- 
tions, have been developed to study the high-field conduction in semiconductors. 
Although these methods are supposed to be more accurate in solving the problem, 
the analytic simplicity of the displaced Maxwellian approach coupled with the 
closed form results offers distinct advantages. 

Hot electron conductivity characteristics of both elemental (Barrie and 
Burgees 1962) and compound (Glicksmann and Hicinbothera Jr. 1963, Butcher 
and Fawcett 1966, Mukhopadhyay and Nag 1972, Guha 1970) aemioonductors 
have been studied by using a displaced Maxwellian distribution function for the 
electrons. The results are in good agreement with the experimental values and 
with other numerical calculations based on the Monte Carlo technique or the 
method of iterative integration (Nag 1972). The hot-electron microwave con- 
ductivity characteristics which are more sensitive to the choice of the distribution 
function have also been calculated with the displaced Maxwellian distribution 
function (Kopetz and Potzl 1968, Mukhopadhyay and Nag 1969a, 1969b) and 
microwave results also show good agreement with experiment. 

Though the hot-electron conductivity characteriatioa of most of the elemental 
and III-V compound semiconductors have been studied extensively, little atten- 
tion has been paid to the conductivity characteristics of II-Vl compound semi- 
oonduotora. It is the purpose of this paper to calculate' the expected Wgh-fiold 
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The explicit expreaaiona for relaxation timea are given by 

= (l/3)4[e»U:„*/ft*eo(£oK«»*fcBTi)i«(2’./TL)-i'* 

= (l/24)4[N4Z*e*/eo*Ko»m«/*l(jfcB!r,)-»/*IiBH 
Vmp«~^ = (2/3)2V o^qZiu 

Tgac-^ = 

'^BpcT^ — (2 IS)N oQqYZb 

where 

A = (l/7r){2/7r)i/« 

ia the deformation potential constant for the acoustic phonons, p is the density 
of the materials and Gi ia the velocity of the longitudinal acoustic waves. Tj; and 
Tg are the lattice and electron temperature, respectively. K®* = P^je^KopOi*, 
ia the dimenaionleaa electromechanical coupling constant, P being the piezo- 
electric constant of the material. Ni ia the concentration of ionized impurities, 
Z is the degree of ionization and is unity for singly ionized impurities. 

XrBJET “ ln(l -f-P)— P/(1-.|”P) 

B — 2.4ieoK^*{kBTe)*lnH*e*, 
n being the carrier density, 

No = [oxp(yi)-l]-i 

is the thermal equilibrium number of phonons, 

7i = ^jd/Tb, y = dolTg, 
do being the Debye temperature, 

Qo = ZeEo(2nm*kBTe)-^'* 

Eg = {m*ekB9Dl4:neJb^)[Kg-^—Ko"^] 

ia the chafaoteriatic field for polar optical phonon scattering, Kg and are 
respectively the dc and optical dielectric constant of the material and is the 
free space permittivity. 

Zm = (y/2)exp(y/2)[{e*»-l)iro(r/2)+(e*‘»+l)ir,(y/2)] 

Zb = oxp(y/2)[(e«-l)Jro(y/2)] 

*0 == yi— y «nd Kg and Ki are the modified Bessel function of the second kind 
of zeroeth and first order respeotivrfy. 

3. Raanita and Discntsion 

To obtain the velocity-field characteristics, one has to solve the equations .(6) 
and (6) for F and d for different assumed values of the electron temperature Tg. 
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These equations hftive been solved using the values of the parameters listed in 
table 1* The piezaeleotric constant, for which no experimental value is avail- 
able has been assumed to bo 0-3103 the value corresponding to that of 

cadmium sulphide (Saitoh 1966). Two different assumed values for the velocity 
of longitudinal acoustic waves, 4*3x10® om/sec and 5*0x10® cm/seo, have been 

o o o o 

o o o o or- o 
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Fl«r. 1 The variation of the low-field mobility with inveree of latti^ 
1. ine vanawoii iomied impurity concentration, 

tamparature for different value8_of the loniie p y 

Jfj » 18 aV, Km* “ 0-02»l- , , _ ^ Kp’ am-*. 
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uaed for cailculation^, the vahiea oorroapoudiiig to those of cadmium sulphide 
and zinc oxide respectively (Nag 1972). It is to be noted that the velocity of 
the longitudinal acoustic waves affects both the deformation potential and the 
piezoelectric scattering. The values of the electromechanical coupling constant, 
for the above two values of Oj are 0*036 and 0*026 respectively. The value 
for the acoustic deformation potential coupling constant was carried as a para> 
meter and two values, 10 eV and 18 eV wore used in the calculation. 

We have plotted in figure 1, the values of the low-field mobility against the 
inverse of lattice temperature for different values of the ionized impurity con- 
centration. It is found that the ionized impurity scattering is unimportant 
except at temperatures below 77K for impurity concentration upto 1 x 10^® om“®. 
For an ionized impurity concentration of 1 x lO^"^ cm“®, the mobility values are 
much lower and the mobility is predominantly determmod by impurity scattering 
and such samples may bo termed as impure, m far as lattice scatterings are 
concerned. 

Figure 2 shows the variation of mobility with the applied electric field for 
different values of ionized impurity concentration at lattice temperatures of 
300K and 77K. It is found that there is no perceptible change in mobility 



Fi^pire 2« Variation of mobility with applied electric field for different values 
of ionized impurity concentration at 300 and 77 K. Ei « 18 eV, « 0*0353 

77 K, (1) (2) lxl0‘*cm-®, (3) IxlO^om-^ 

300 K, (2) lxl0»»om"» 
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at 300K upto a fiold of 16 kV/cm. Honce hot-oloctron ©ffocta arc not expected 
to be obaorved in cadmium solonido at 300K. At 77K on the other hand the 
mobility gets reduced from its low-fiold values by a factor of about 3 at a fiold 
around 15 kV/cm. Hot-olootron effect thus beoomo increasingly prominent at 
lower lattice temperatures. Tills is also expected because at lower lattice tem- 
perature the mobility value is higlior and the power input to tlio electron system 
which is proportional to /iF^ increases at lower lattice temperatures. The electron 
system thus gains energy at a much lugher rate at low lattice tomporatiira than 
at high lattice tomporaturo. To tliermal energy of tlio lattice system also becomes 
lower at lower tomporaturo and the deviation from tlio Maxwellian distribution 
function of the energy distribution function of tlie electrons increases. It is 
this non-Maxwollian nature of the energy distiibution function for tlio electron 
uygtom which gives rise to the liot-eloctroB effects. 

The effect of impurity scattering is also found to affect tile liot oloCitron 
characteristics at 77K.. The value of the mobility at any field normalized by 



<l| - 10 .V, K.- - 0 0381. 13) E. - 1»”V, W - » »»»• 

(3) Jffj- 18oV, iC,* =. 0 0353 
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its low field mobility becomes higher for higher values of the impurity concentra- 
tion, At 300K, on the other hand, impurity scattering coea not play any role 
in determining the mobility or its field dependence for impurity concentrations 
below 1 X 10^® om“®. 

Figure 3 shows that effect of the electromechanical coupling constant and 
the acoustic deformation coupling constant on the mobility-field characteriatica 
at 77K. It is found that the mobility at any field becomes lower for higher 
values of either of the»so coupling constants. This is expected because a higher 
value of the coupling constant means greater coupling with the phonon system 
and more frequent collisions. 

To have an idea about the extent of nonlinearity in the velocity-field charac- 
teristics, we have plotted in figure 4, the drift velocity divided by the low-field 
mobility against the applied electric field at 77 K. Referring to figure 4, We 
find that the mobility starts decreasing at an applied electric field around 1 kV/crn 
and beyond that it shows a marked nonlinearity upto a field of about 6 kV/cm. 
Beyond this field, the characteristic is almost linear with a slope of about 0*2. 
The velocity tends to saturation beyond a field of 18 kV/cm, the saturated velocity 
at 77K being 2*4x10^ cm/soc. 

It is also found that except in the near saturation region, this characteristic 
shown in figure 4, can be represented fairly accurately in the low-field and in the 



4. Vaiiation of the ratio of dxift velocity to the low-field mobility 
with applied electric field at 77 K. The two dMhed lineslurre slopes 1 and 0*2. 
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higU-fiold regions by two straight lines having slopes of 1-0 and 0-2 respectively. 
These two straight lines interest at a field value of 2 kV/cm and the characteristic 
is markedly nonlinear in this region. The presence of this large amount of non- 
linearity in the hot-electron characteristics suggests that cadmium selenide may 
be efficiently used for second harmonic generation at 77 K under a bias field 
around 2 kV/om. Studies in this direction are in progress and will be reported 
in future. 

4. Gondusions 

From the above study of the hot electron loonduction characteristics of cadmium 
selenide one can conclude that 

i) Polar-optical phonon scattering is the predominant scattering mechanism 
in determining the high-field conduction characteristics of cadmium 
selenide at both 300 K and 77 K. 

ii) There is no reduction in mobility upto a field of about 15 kV/cm at 
300 K. The mobility at 77 K, on tlie other hand, starts decreasing at 
a field around 1 kV/cm, showing the onset of the hot-electron region, 

iii) The effect of ionized impurity Scattering at 77 K is to reduce the mobility 
at all values of the applied electric field. At 300 K, ionized impurity 
is unimportant for impurity concentrations below 1 X 10^® cm""®. 

iv) Both the mobility values and the field-dexxmdonce of mobility depend 
on the choice of the coupling parameters for various scattering mechanism. 

v) There is a marked non-linearity in the hot-electron characteristic at a 
field around 2 kV/cm. This nonlinearity can be utilized for second 
harmonic generation under hot-olectron condition at 77 K. 
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Abstract. Phonon dispersion relations in beryllium along the three S 3 mametry 
directions have been determined by means of a two parameter model pseudo - 
potential with different types of screening functions. It is observed that the 
calculated frequencies using the screening function of Vashishta and Singwi 
compared well with the recent experimental data on phonon dispersion rela- 
tions of beryllium. 


!• Introduction 

In ro30Tit yoara aignificant wook liaa boon done on tho lattico dynamics of simple 
cubic motals using psoudopotontial technique. T}»,o review of such work is 
given by Joahi and Rajagopal (1968). Hexagonal cloao-paokod niotala, however, 
rocoivod oomparativoly loaaor attention. Roy and Vonkataraman (1967) deve- 
loped matrix olomonts for studying ' th,o lattico dynamics for hep magnesium 
from First Principle Psoudopotontial theory for tho first time. Since then there 
have boon several interesting oaloulations on tho phonon dispersion relations of 
hep metals with vaiiod degree of success. 

Two basic ideas enter the psoudopotontial calculations. They are : 
(i) pseudo- or model potentials, and (ii) dielectric functions. Several forms of 
model potential and dielectric functions have boon used in tho past. In recent 
years although tho significant advances have boon made to calculate the correla- 
tion energy of electrons in motals (Hubbard 1957, 1958, Goldart and Vosko 1966, 
Moriarty 1970, 1972a, 1972b), no exact solution of this problem has been made 
So far. Novortholoas, Singwi and co-workors (1970) have tried to solve this 
problem as exactly as they could. Tho latost work on the dielectric screening in 
tho metallic density range is due to Vashishta and Singwi (1972), who have 
presented a self-consistent treatment of correlations in tho homogeneous electron 
liquid. Tn,oir oxprossi:)n is an improvomont over the earlier work of Singwi and 
co-workers (1970). Tho modification consists in allowing for the change of tho 
pair correlation function in au external weak field via the density derivative 

638 



Effect of dielectric functions etc. 639 

of tho equilibrium padr correlation function. The now expression for /(g) is 
defined by 

/rs(2)=(l+an-^)/'(g) 


/'(j) is the local field correlation term due to Singwi et al (1970), n is the electron 
density and a is a parameter. Above expression can be conveniently expressed 
in terms of two constants A and B. Thus 

fvsiq) = A(l-e-*B«) 

where t = — , hp ia the Fermi momentum. 

2kp 

Tho motivation behind tb.o present work is therefore to tost the validity 
of the latest and mo.st appropriate screening function of Vashisb.ta and Singwi 
(1972) and also to see the effect of other popular screening fnnotion.s (Goldart 
and Vosko 1966 Singwi et al 197u) on plionon frequencies of h.cp beryllium. 
Although tho scrooning function of Goldart and Vosko (1966) suffers from a 
serious lamna regarding the negative value of pair correlation function, it Ls 
still being used by theoretical workers for study tl'.c lattice dynamical properties 
of metals. For this purpose a suitable two parameter mod(d psoudopotontial 
(Kushwaha and Rajput 1970) which, has boon used quite successfully for studying 
tho lattice dynamical proportio.s of cubic metals (Kushwaha and Rajput 1970, 
Kushwalta 1973), is chosen by tho authors. 


2 > Theoretical Calculation 

Tho total energy of the system of ions and electrons is separated into two com 


ponents : 


E = E<^+EB 


( 1 ) 


EC. the otootroBtetic morgy, repro^.t. the dheol Ooelomhie intetiW.en 
hetwoon the point ion. of oh.rge+Ze immor»d in . nniforra 
™g.tive <*a.«e the « c.lW bend .tru.tOre „n,y, ^ ™ 

rrtZrof the.n..llnea.etthce»re..izeforEe. and ih.reler. ncglechal 


in the present caao. 

The phonon dynamical matrix ia therefore 
terms viz. due to electrostatic energy 

2)*i^(q) due to band-structure energy ■ 


expressed as consisting of two 
between tho point ions and 


DM = 


( 2 ) 



640 S P Singh and 8 S Kitshtoaha 

The phonon-dispersion relation between frequenoy to and wave reotor 9 are a 
Bravais lattice can be easily obtained using the secular determinant in the 
following way 

li>{9)-a>*t/l =0 (8) 

1 is the unit matrix to is the angular frequency and D(q) is a 6 x 6 dynamical 
matrix usually written as 

/D(g KK) D{q KK')\ 

( ) (4) 

\D*(q KK') D(q KK)/ 

where D[< 1 , KK) and X>(9 KK') are 3x3 sub-matrices and 1>*(9 KK*) is the 
complex conjugate of D{q KK*), The expressions for the Coulombio contribu- 
tion to the dynamical matrix are obtained following the method of Cochran 
^963). The corrected expressions as used here are as follows : 


D0^(q KK) [ S exp ( 

L |g'»+9l \ 47* / 

— ^ f 8^^ exp (1 +cos(^*.Bkk'))] 


27 exp{-v^R(l K)\^)\s _{R {1 K)U Ra ^)}s 

|2?(1 iiDl* j lua K)\* 





V r/ erfc(7lJJ(l 

, ll |/?(1 KK')\* 


^ 27, exp(-7*|jj(i irir')|*)\* _ {J?(1 KK')), 

IWTKrjp J *• T^d kk')\> 


f3erfc(^||{{l KK')\) 67 , exp(-^a|l{(l KK')\*) 

\ rR(r^ir')l® vw [RirKWjp 


+^oxp(-7MiJ(i 


(») 


for Jr-JT' 
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i)c (9 kK') = s f „vn /_ lgA+91* \ 

nSkm \g^+q\^ \ -4^) 

xexp(-%;i+9).|{jj,j.)]+i^!£f £ I 

J W , Ll |i?(l ^iC')|s 

^ ii- (-V‘ I KK’) I ») _(/{(i j:ii[')},{i{(i iTiT')} 

Vn |R(1 KK’)\^ } *' " |/{(i iCKTp ' 

8 erfc(iy|fg(l gA^QI) . 6^ oxp(-i;2|/{(l A'JC')P) 

I 1 /{(I KK') 1 » fSirzATp 

^^')P) }] «xp{i9.|{(l AA')). (6) 


for Tho matrix elements correaponding to the band structure port 

of tho energy involve model pseudopotontial and tho dielectric function. Tho 
change in the band structure energy caused by a joriodic distribution of wave 
vector q is calculated by expanding tho structure factor and retaining terms upto 
second order in the amplitudes of the norma] coordinates. These expressions 
are as follows : 

™ = -^l 

- S jM|^-A^(|gsl)(H-coa(g».Jt„»))] (7) 

fir»±0 lAftl 


DB^iq KK') = 2 (8) 

nSlom lfi'+9r 

where is a reciprocal lattice vector and Fii(g) is the normalized energy-wavo- 
numbor characteristic given by 


Z* is the effective valence, fig is tho atomic volume and F(q) is tho energy-wave- 
number characteristic given by 


vii„\ tip?* I <«»”(g) I * ^*(8') ^ 

^ e*(g) 


1 

{1-/(3)) 


( 9 ) 


where is tho Fourier transform of the present model potential 


ioO(r) — 
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whore a aaid yff aro two paramoters, which have been determined using the follow- 
ing two equations 

( 10 ) 

and 

no[a(J^/^)/5na] = o (ii) 


El, is the binding energy per atom of the motal and Ls tho ionization energy 
of each ion. Knowing tho oxporimontal values of those ©norgioa, wo find the 
Values of parameters. Hie experimental values of t}\o binding energy for Be is 
0*122 Ey, while tho ionization energies is 1*37 Ry. By slight adjustment of those 
parameters we can bring the calculated curves with tho measurements within 
experimental errors. Tho values of oc and ^ obtained in tho present work are given 
in Table 2. €*(q), the modified Hartreo dielectric function, is given by 

e*(q) = [l+{l~/(g)}{6(g)~l}] (12) 

6(q) is the static Hartreo dielectric function and f{q) fiinction takes into account 
for the exchange and correlation effects amongst th,o conduction electrons. In 
Hartreo’s approximation, whJch includes neith-or exchange nor correlation effects, 
f{q) is zero. Hubbard (1967, 1958), who made the fii'St attempt to incorporate 
tho effect of exchange between electrons of parallel spin obtained the following 
expression for f{q) 


/( 2 ) = 




(13) 


whoro f is a fiinction of electron density. The parameter f is calculated using 
the following expression 


* {l+0-153(jraoi!;/?)-i} 

Ug being the Bohr radius. 

For Be, tho value of f is found to bo 1*911. 


3. Results and discussion 


The axial ratio (c/o = 1*697) of this motal departs from tho ideal value 1*632‘ 
although tho departure is not very largo. Previously tho lattice dynamics of 
this motal has been studied by many workers (Schmunk et al 1962, Bowamea 
et al 1965, Gupta and Dayal 1966, Motzbower 1967, Kushwaha 1971, Bose et al 
1973, Upadhyay and Vorma 1973, Rajput and Kushwaha 1973) using force- 
constants model. Sahni et al (1966) calculated the phonon froquoncios of Bo for 
tho first time using tho psoudopotontial technique. Later on, Koppol and 
Maradudin (1967) studied the phonon frequencies of this metal along [0001] 
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direction applying the first principle paoudopotontial technique and obtained 
a good results with experiments. Tlio phonon frt«iuoncies of Bo wore also cal- 
culated hy Brovman et oil (1968) using the psoudopotontial approach. The 
calculated frequencies for the longitudinal modes were higher almost by a factor 
of two. Gilat et al (1969) used optimum nuMh>l potential (Shaw 1907) for this 
purpose. The comparison of their calculated results for phonon frequoncios 
with the observed ones showed very unsatisfactory agreement. Prakasli and 
Joahi (1970) computed phonon frequencies of Be using the single OPW electron- 
ion matrix element and the dielectric function of Singwi et al (1970) along [0001[ 

and [0110] directions. A good ^reomont, between calculated and experimental 

phonon frequencies except for tlto TO and LO branches in the [OlTO] direction 
was obtained. Also the calculated Lt) branch lies above the TO(ll), while the 
experimental measurements show that situation is just reverse. Subse- 




844 8 P Singh and 8 8 Kushvxiha 

quently, King £^nd Cutler (1970) calculated phonon dispersion relations of Be with 
the exchange approximations for the conduction-band-core exchange due to 
Slater (1961), Kohn and Sham (1965) and Hartree-Fock. It was observed that 
altliough t}\o Slater approximation with its inherent limitations such as (i) over- 
estimating the exchange potential, and (ii) wrong behaviour the limit of large 
internuolear separations, it nevertheless gives best agrwment with the measured 
dispersion relations for Be. It was concluded by Bortoni et al (1973, 1976) that 
although the inclusion of* threw body forces gives tI\o correct ordering of the 

phonon brancho>s along [0110] direction in the case of Be, they do not change the 
results of two body tlieory appreciably^ in moat of hop metals. Theses authors 
used the f[q) function proposed by Singwi et al (1970). Recently, Maurya and 
Srivaatava (1975) atuduMl tl\o phonon frequencies along symmetry directions 
using Toya’s tlmory with his own screening factor and with the modified suggested 
by Boffey. It was observtMl by tho>se autliors that the sciooniiig factor of Botfoy 
played significant role in controlling the vibrational frequencies of beryllium. 

In the present case we h.ave made detailed studies of phonon dispersion 
relations of Be using a two parameter model potential (Kushwaha and Rajput 
1970) and throe important dielectric functions as mentioned earlier. The cal- 
culatcxl results are depicted in figure 1 along with, the recent experimental results 
(Schm\ink 1966, Schmunk et al 1962). The relevant physk^al data on which tl\e 
present calculations are based aje given in Tables 1 and 2. 

Tmble 1, Various Physical Constants* used in calculations. Whenever not 

otherwise specified, the units arc a.u. 


a(A) 

c(A) 

kp 

flo 

w(at.wt.) 

Z** 

2*2810 

3*6770 

1*0289 

54*36 

9*013 0*7672 

2*1244 


*Gilat et al (1069) 
♦♦Shaw (1968) 


Table 2. Numerical vedues of the parameters. 





B9 a 

p 




(a.u.) 

(a.u.) 

0*8419 

0*3346 

0*8883 

0*3483 5*099 

29*11 


Vashishta and Singwi (1972) 
Singwi et al (1970) 


Our cornpuUxl results obtained with the >screening function of Vashial\ta and 
Singwi (1972) s)\ow very good agroomont for all thw modes except for optic modes 
for low wave vectors. Our frequencies are comparable with the frequencies 
obtained by Prakash and Joshi (1970). Their TO(x) branch shows a divergence 
of about 14% from its corresponding experimental frequencies at M point of 
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the Brilloum-zone. The results of King and Culter (1970) are also comparable 
with our faults but they are ba,sed on an unsatisfactory exchange function of 
Slater (1961). This fact ha.? already been explained earlier. Although the 
computed results of Bertoni et al (1973, 1076) are in better agreement with the 
expe^ental data, the theory has its own limitations. It is baaed on the idea 
of third order perturbation theory. The evaluation of the total electron energy 
to third order in the electron ion psoudopotential is a difficult task and involves 
heavy computational work. These authors have compared their results with 
the computed frequencies baaed on S(H-ond ordoi- perturbation theory and have 
discussed the importance and limitations of three body forces. 
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Application of the shell model to the pressure dependence 
of the dielectric constants of alkali halides 
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Tho shell model originally proposed by Dick and Overhauacr (1968) (herein after 
referred to as DO) has boon widely used to describe the dielectric behaviour of 
ionic solids (Hanlon and Lawson 1969, Havings 1960). The equations of motion 
of shell and cores of the ions lead to a relation between the pressure derivatives 
of low and high frequency dielectric constants (Havinga 1960) which can provide 
a better test of the shell model theory. Tho reliable experimental data on the 
dielectric constants and their pressure derivatives are now available for alkali 
halides (Lowndes and Martin 1969, 1970). Tt is found that the expression for 
the strain derivatives of dielectric constants derived by Havinga on the basis 
of the simple shell model is not satisfied with the expe^rimental data. An obvious 
improvement in the shell model analysis can be made by considering the deforma- 
bility of tho shell. This can be incorporated in terms of the exchange charge 
polarization model developed by DO. This model gives 

-1 3F (n^e— D)® (nje.^D)^ j n^e—D _ 

~e^2 47 t k’ kl [ K J 


X 


(-* 


A k 


'-ir 


( 1 ) 


where n and k are the shell model parameters representing the shell charge and 
spring constant resp(K;tively. A is the s}>,ort range force constant and D is tho 
exchange charge polarization parameter introduced by DO. Differentiating 
equation (1) with respect V wo obtain 


9F de^ 1 3 

47T{e^+2)^ dV^e^+2^ 


2D‘ 

= - ^[(«-l)e-D]-[(a-l)e-Dp^ 


( 2 ) 
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where JD' = ^ ajid A' — 

aPBMrin. in'"' .■ «'>«■«« . 

appearing m equation (2) is now given by 

*-l) = n_e.^D 1 / ] 1 1 

' ' t ] b-t F,+c) W 

(Lowndej'^MarttoimiZi”*'™ *” '“I”" "f * from 

(Dick 1966). The abort ra >*^>vjaofl data of tho sholl modol paramotora 

NK!1 cryitTv ~t „„i6l,W. for 

ype crystals can bo expressed as (Born and Huang 1954) 

A=.2[^'’(r)+Z</,'(r)lr] 

, (4) 

the7hotf!ango niuli'vo derivatives of 

ngo repulsive potential ^'(r) with respi^.t to interionic separation r 

U«ng the Born-Mayer exponential form B oxp ( ^(r), we can find the 

following expression for ' 
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^r _ _ 1 dA 

6r* dr 


3r^p 


L rp , ^ p J 


(5) 


Ikt? 1 1 (4) («)- respectively. 

!ln be ^rr : ^ Now equation (2) 

used to evaluate D' taking A. A' and D from table 1 and using experi- 
mental data on r from Shanna et al (1976). By differentiating equation (3) 
with respect to V, one can find 


Table 1, Values of A (10* 
(10^* e.8.u,/om®). 


ergs/om^), A' (lOa® ergs/cm®), 2> (lO'^o e.s.u.) and 


Crystal 

A 

A' 

D 

D' 

LiF 

902 

--1-26 

--0-29 

0-12 

NaF 

6-26 

-0-69 

-0*38 

009 

Naa 

4-92 

-0*33 

-0-60 

013 

NaBr 

4'04 

-0-23 

-0*63 

0-14 

KCl 

3-86 

-019 

-0-50 

0*14 

KBr 

3-66 

-016 

-0-62 

014 

KI 

2-97 

-Oil 

-0-76 

0-12 

BbOl 

3-97 

-0-19 

-0-34 

009 
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where 


da _D'A'fi+A/i' AjiA'X. 
dV e e(l+^A) e(l+^A)'' 


n^H—D n_e+D 

“TT"" k_ " 


k. k_ 


It' = -AD' (9) 

F ! ds\ 

Values of ~ from equation (6) are listed in table 2. A method 

V I ds\ 

for evaluating ~ deformation dipole model (DDM) of Hardy 

(1960, 1962) and Mitakovitch (1964) has been suggested by Lowndes and Martin 
(1970), Values from the DBM are also included in table 2 

the sake of comparison. The positive values of ^ {^y) physical signi- 

ficance that the effective charge decreases when the crystal is compressed under 
hydrostatic pressure. This seems to bo physically plausible since the ionic dis- 
tortions are expected to increase under compressive stress, thereby decreasing 
the effective charge of the ions. 

It should of course be remarked hero that in deriving equation (3) two typos 
of polarizations viz. the exchange charge polarization and tl\© shoit range inter- 
action polarization have been considered. BO have argued that both these 
effects are responsible to reduce the magnitudes of the ionic charges. Accordingly 
one can write 

TF ^ [( 1^) ] ■^ [ (I? ) 

In fact the contribution ^ exchange j arising from the exchange charge 

polarization is just equal to ^ and hence the contribution short range j 

from the short range interaction polarization can be estimated from equation (10). 
Values of ^ exchange j and ^ ( J|r) short range j thus calculated have 
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Application of ihe aheU modA 

boon listed in table 2. It is informative to observe from there that the contribu- 
tion from tho exchange charge polarization towards is substantially 

laiigor thftn that trom t)io short rango inti^raotion polarization. Jt is also intorost- 
to note that values of ^ DDM generally Uo between 

[t (w ) ***®^*"g'* ] [ ,1- ( ^' ) ‘•**ngo ]■ 


Table 2* Values of the strain derivative of tho Effective Charge Parameter, 


L /i?i \ 

5 \dV I 
Crystal 



Present 

From tho 

Exchange] 

L-&) 


study 

Deformation 
Dipole model 



LiF 

0-86 

0-60 

0‘62 

0-33 

NaF 

0-78 

0*50 

0-67 

0-21 

NaCI 

211 

0*96 

1*62 

049 

NaBr 

2*66 

107 

217 

0-49 

KCl 

2-65 

0-82 

2-25 

0-30 

KBr 

301 

1-09 

2-66 

0*35 

KI 

,3*81 

1-29 

2-93 

0*88 

RbCl 

1-91 

0-81 

1-63 

0-28 


Short range 


] 
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This note itself with tKo feasibility of occitrrancos in nature of the 

recently suggested probable radiative and other two-body decays of the upsilon. 
It has been discussed in t}\is note tliat the radiative decays of the upsilon offer 
the most convenient jilatform ft)r the tests of QCD as they are not suppressed 
by the pseudo-dimension rule which, however, kills some of the non-radiative 
decay channels. 

Recently the radiative and other probable two-body non-radiative decay 
modes of the upsilon, v (95(K>), have been investigated by Brodsky et al (1978) 
and Randa et al (1978). It may be mentioned here that Brodsky et al (1978) 
have advocated that the radiative decays v Xy (where X is a pseudo-scalar 
hadron) can offer a convenient platform for the quantitative tests of the 
Quantum Chromodynamics (QCD). In this note we have shown that the radia- 
tive decays v -> Xy are completely allowed by the pseudo-dimension rule 
(Mukhopadhyay 1975, 1978) which, however, guillotines some of the theoretically 
expected non-radiative decay channels. It may be recalled that Brodsky et al 
(1978) have also recommended the decays v Xe-^e~ (which occurs via the off- 
mass-sholl ph(^ton) for the quantitative tests of the QCD along with the decays 
V -> Xy (as mentioned above) for the same purpose. In this note wo have 
pointed out that the decays v -Xe+e~ stand the risk of being suppressed by 
the pseudo-dimension rule (Mukhopadhyay 1976, 1978). Wo have, therefore, 
emphasized in this note that for the quantitative teats of QCD the most suitable 
decays arc v -> Xy which, as already mentioned, have been strongly advocated 
Brodsky et al (1978). In this note wo have also emphasized the fact that the 
coupled -channel analysis (which is necessary for the identification of the hadronic 
modes) for v-docay will be simpler than expected duo to pseudo-dimension rule 
which kills some of the non-radiative two-body as well as many-body decay 
modes for the particle concerned. 

The pseudo-dimension rule (Mukhopadhyay 1976, 1978) reads : All the 
allowed decays of an unstable particle must be governed by one and only one 
of the following two constraints 

and 

du^D 


6BQ 


(la) 

(lb) 
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whoro is the magnitude of the p«oudo-dim.>n«ion of tlu, field of tho unstable 
particle and D is the sum of tho magnitudes of tb.o psoudo-dimonsions of the 
fields of tho particles constituting a dc.ay mode. Ti-.o magnitudes of tho psoudo- 

dmo^ions donoUxl by d, of froo fields are given by th.o following relations 
(Mukhopadhyay 1975, 1978). 


d = 3 J for fiolds having J boing tho aotual spin 

d = 1 for holds liaving J = 0 
d = 2 for tho iihoton. 


(2a) 

(2b) 

(2c) 


As equations (2a)-(2o) rofor to froo holds, tb.oroforo, tlio quantity D appoaring 
in relations (la) and (lb) rofors to a docjay mode 7 iot occurring tJn’ougb, snbroaedions 
which nocossitato interacting holds. Per reason, tlio selection rnlo stated 
above concerns itself, for example, Avitli tl\o Gtt mode but 7 iot with tl'.o quasi two- 
body mode pTT (which results from tlu^ subreactions aF.socialod witli tl\e Sn mode) 
in <p (1020)-docay. 


To deraonstratti l\ow the pseudo dimonaioii rule for particle decays, discussed 
above, reduces the number of thoort^tically expotiled but unobstvj'vod decay modes 
of unstable particles, wo consider tl\o example of tlio decays of tlio co (783). The 
obsorvcKl decays co {du = 3) 27r (D 2), Sn {D ^ 3), n^y {D 3), cAc- (I> ~ 3), 

indicate that tho co-decay is governed by the constraint du > />, since du == 3, 
which follows from equation (2a) as tlu^ decaying particle co is a spin-om^ particle 
and for tho 2;r mode D = =1 + 1 =2 as == 1 given by equation (2b). 

For tI\o TT^y mode, D == d„-\-dy = 1+2 ~ 3 since dy ~ 2 evident fi om equation 
(2c) and for the mode D — dg++ = 3/2-} 3/2 = 3 as d = 3/2, for a spin 
— J particle which follows from equation (2a). As statod above, il\o pseudo- . 
dimension rule demands that one and tl*o same constraint must bo valid for all 
the allowed decays {not occurring ihr(>ugh subroactions) for a given unstable 
particle. Since the constraint du ^ 7) in found to bo valid in thc^ observed decays 
of (Of thoreforo, tl\o same constraint must bo satished by all other allowed decays 
of th,e particle concerned. It is interesting to note tliat for the decay of co tliooro- 
ticaily expected decay modes {D — 4), n+n~y (D — 4), 3y (79 — 6) clearly 

fail to satisfy tho constraint du D du ^ ^ for co and it is gratifying to note 
that those modes have not boon soon so far (Particle Data Group 1978). Also, 
the observed decays rpr (3100, d |4 — 3) — > e+e~ {D -™ 3), [D = 3), 47r (D = 4), 
5n {D = 5), hTT (19 = 6), In {D == 7) and (3G85, du -= 3) e+e“ (79 ^ 3), /^>-(P 
==3),^(3100)^(D = 4), vf^(3100)7r7r(I9 = 6),57r(79 -- 5) suggest that both (3100)- 
docay and (3685)-docay are governed by the constraint ^ i9 according to 
which tho modes nn (D = 2), Kli (79 = 2) are forbid<Um (and as such should be 
suppressed) for tho decays of tho particles concerned. Noodloas to mention that 
the nn and IlSH modos havo not been soon (Particle Data Group 1978) in the 
decays of tho i5‘(3100) and ^'(3685) inspito of the fact t]\at tho decays ^(3100) -> nn, 
KK aaid ^{"'(3685) nn, KK have iion-vanisl],ing QED amplitudes. 
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We now examine in the light of the paendo-dimenaion rule the feaaibility 
of oociirrencea of the theoretically expected modea (Randa et al 1978, Brodsky 

et al 1978), Try, v'v. KK, D(1866) 5(1866), FF, K*K, D*A F*F, 7'co, 
pTT, etc. in the upsilon-decay. According to the paoudo-dimenaion rule, 
apart from the already observed pure leptonic modea e+c~, (Particle Bata 

Group 1978), either the decays v{du = 3) KK (D =2), B(1866) B(1866)(D = 2), 

FF (D = 2), Tjy {D = 3), Tj'y (D — 3), ny (D = 3), etc. governed by the constraint 
du^ D or the decays r (d^ = S) rfy (D ^ 3), rj'y (D = 3), Try (B = 3), riw 

(D = 4), ly'to (Z) -= 4), # (D = 4), (D = 4), pn (D ^ 4), K^K(D = 4), 

Z>’*‘(1865) B(1865) (D = 4), F*F (D == 4), etc. governed by the constraint du 
will be allowed. To know precisely wl\ich one of the two constraints, given by 
relations (la) and (lb), will be valid in v-decay, the identifications of its hadronic 
modes (which will determine the sign of the inequality in the appropriate constraint) 
are necessary. It is clear, however, that some of the non-radiative two-body 
decays will bo suppressed whether (iji ^ B or du ^ B is found to be the appropriate 
constraint in v-decay. The most striking x^oint is that the radiative decays 
€ -> Xy (where X is a pseudo-scalar hadron) will not bo suppressed (by virtue of 
the presence of the equality signs in both the constraints) whichever constraint 
will eventually turn out the valid in r-decay. However, the dcjcays v(du = 3) — ► 
(B — 4) stand the risk of being suppressed if in future it is found that 
e-decay is controlled by the constraint du'^ D according to which the mode 
is forbidden. The situation, then, will be very similar to cu(783)-docay 
whore the approx)riate constraint is d^^ which forbids the expected modes 
like TT^e+e*” (B = 4), (B = 4) as discussed earlier. From what has been 

discussed so far it is clear that the radiative decays like e Xy will offer the 
most convenient platform for the quantitative tests of the QCB as tho decays 
concerned will not bo suppressed by tho pseudo-dimension rule. Needless to 
mention that a decay, if it is even partially suppressed by any selection rule, 
cannot bo chosen for tho quantitative tests of any theoretical formulation what- 
soovor. It may not bo out of place if we mention that the couplod -channel 
analysis for tho hadronic modes in v-decay will be simplified duo to the pseudo- 
dimension rule which will suppress some of tlio non-radiative decays. 
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On the electronic absorption spectra of 3-chloro-para-toluidine 
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Received 1 December 1977, reviaed 26 July 1978 

In continuation of our work on tlio nltra-violot absorption spt^ctra of some 
subatitutod bonzonoa, tlu> electronic absorption spectra of 3-ohloropara-toluidino 
haa been recorded in the vapour phase on a Ililger-Littrow spectrograph with 
10 to 150 cm colls at temperatures ranging from 0 to 150°C. Tlw> accuracy 
of measurements has been estimahsl to be ±5 cm'^ for slvarp bands and 
^10 cm~^ for broad or diffuse bands. Tlve spectrum lies approximately in 
the region 3120-2760A. The bands— observed corresponds ti) the A^g—B^u transi- 
tion of benzene. It Is analysed with the help of tlve infra-red data of 3-chloro- 
para-toluidine (Sharma and Dwivedi 1070) and also with the help.of the analysed 
spectra of aniline (Ginsburg and Matson, 1945), toluidines (Biswas 1953) and other 
substituted anilines (Hamath and Srvxwamamurthy. 1957, Shashidhar and Rao, 
1966). 


Table 1. Fundamental frequencies (om->) of 3-Chloro.para-toluidme 


Infrared 

Ultra-violet absorption 

-Nature of the 

Ground state Excited state 

mode 

236 w 

22B in 

166 w 

^(C-C-C) 

316 ni8 

323 w 

278 8 

/?(c-ca) 

402 zns 

410 w 

383 m 

«(C-C-C) 

676 vs 

— 

460 s 

Vi(C-C-C) 

788 8 

783 w 

703 b 

iKC-C) 

096 ms 

— 

971 m 

^(C-C-C) 

1211 w 

— 

1169 m 

KC-CHa) 

1295 b 

-- 

1269 m 

KC-N) 


V. = very strong, a = ~ deformation, r - stretching. 

^ BOB nonplanar ring doformation, (p P 

fi ss ixx-pland bending 
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Tho study of tomporaturo offoct on the band system has facilitated the choice 
of t]\o band at 32936 as tho 0,0 band of the system. Most of the observed 
bands could bo aocoizntod for in terms of four ground state fundamentals 228, 
323, 410, and 783 cm“^ and eight excited state fundamentals 155, 278, 383, 450, 
703, 971, 1169 and 1259 cm-i. 

Tho fundamentals obtained in the present work for 3-chloro-para-toluidine 
and their probable assignments are given in table 1 together with the infra-red 
data for this molecule. 
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Correlation between ionic radii, nuclear charges and 
ionization potentials 
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Tho sizes of ions have played a prominent role in tho development of tho theory 
of ionic crystals (Pauling 1960> Tosi 1964). Tho ionic radii derived by Pauling 
(1960) correspond to free state for tho reasons discussed at length by Pumi and 
Tosi (1964) and more rooontly by Jai Shankor and Agarwal (1977). Several 
interesting correlations botwoon Pauling’s ionic radii and other ptoportios such 
as nuoloar charges and ionization potentials have boon investigated and widely 
used (Kordes 1981, Ahrens 1952). In fact, the correlation botwoon ionization 
potential and ionic sizos ha.i boon suooossfully used by Ahrens to revise tho 
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Pauling s radii and to predict the radii of iona for which data wore not available. 
The ionic radii so obtained havo boon vory useful in tl\o studies on crystallography 
and mineralogy (Shannon and Prewitt 1909). 

Recent electron density measurements (Sysio 1969) as w^oll as thoorotioal 
studios (Tosi 1964) reveal that the sizes of ions in crystals are significantly different 
from Pauliuig s radii. The cation raclii derived from electron density maps are 
larger and those for anions are Smaller than the cjorresponding values reported 
by Pauling. In fact tho Madolung j)otontial existing in crystals is negative at 
the cation site and positive at the anion site and is thus reSi3onsiblo for tho loosen- 
ing of cations and the tightonitig of anions in the crystalline state relative to 
free state. It is desirable to investigate wlxether the now data on crystalline 
state radii exliibit some corrolationshil) with nuclear cliargos and ionization 
potentials. In the present letter wt) show that corr(^latu)ns consistent with 
earlier studies of Kordos and Alirons are Satisfied fairly well with the recent values 
of crystalline state radii of ions in alkali halides and alkaline earth chalcogenidos. 

The concept of ionic radii has bi^on vory useful in understanding tho nature 
of short range repulsive interactions in ionic crystals (Pauling 1960, Tosi 1964). 
Pauling, in fact, deriv<Hl tho ionic radii from effective nuclear chargers xising tho 
relation 




( 1 ) 


whore and r_ are tho radii of isooloctronic cation and anion, Z± and are, 
respocftivoly, tho nuclear chargo'i and size scrooiinig parameters for tho two typoa 
of ions. The utility of oqiiation (1) is limited by the fact that the dotormination 
of size scrooning parameters for multk'loctron ions is a comjilicatod tadc. Kordos 
therefore proposed for a pair of isooloctronic ions tho following relation 



( 2 ) 


Wo consider 8 crystals composed of isooloctronic ions. Those are NaF, KCl, 
RbBr and Csl from tho family of alkali halides, and MgO, CaS, SrSo and BaTo 
from the family of alkalino earth clxalcogonides. Tho data on ionic radii and 
nucloar charges are givon in table-1. Tho crystalline state values of ionic radii 
have been taken from Sysio (1969) for alkali halides and from Jai Shankor and 
Agrawal (1977) for alkalino earth chalcogoiikhxs. It is remarkable to note from 
table 1 that K remains nearly constant within a family of crystals. Mean value 
of JST is 0-96 for alkali halides and 0-79 for alkaline earth clxalcogonides. Tho 
utility of relation (2) is that one can quickly estimate ionic radii using the mean 
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Table 1* Input data and values of K. 


Crystal 

(i) 

(A) 



K 

NaF 

1*16 

1*23 

11 

9 

1*03 

KCl 

1*49 

1*67 

19 

17 

0*94 

RbBr 

1*63 

1-80 

37 

35 

0*93 

Csl 

1*86 

2*06 

65 

53 

0*92 

MgO 

0*85 

1*26 

12 

8 

0*83 

CaS 

1-16 

1*68 

20 

16 

0*77 

SrSe 

1*32 

1*80 

38 

34 

0*78 

BaTo 

1*61 

1*98 

56 

52 

0*79 


value of K, The ionic radii based on the moan value of K aro given in table 2. 
These radii agr^^i well with the corresponding values given in table 1. The 
maximum deviation is for Na+ ion whore the calculated radius (1*07 A) differs 
from the input value by 0*08 A. It is pertinent to mention here that Jennison 
and Kunz (1976) have obtained recently the radii for Na+ and F"* ions in NaF 
crystal using the local orbitals Hartroe-Fock method. These are in good agree- 
ment with our calculated values (table 2). 

Table 2. Calculated values of ionic radii and interionio separation R, 


Crystal 

R 

»•+ 

r. 


(A) 

(1) 

(A) 

NaF 

2-31 

1*07 (l*06a) 

1*24 (1*26®) 

KCl 

3*14 

1*49 

1*66 

RbBr 

3*43 

1*65 

1*78 

Csl 

3*83 

1*86 

1*97 

MgO 

2*10 

0*82 

1*28 

CaS 

2*83 

1*17 

1*66 

SrSe 

3*11 

1*33 

1*78 

BaTe 

3*50 

1*62 

1*98 


(a) Jennison and Kunz (1976) 


Sizes of ions exhibit interesting correlationship with ionization potentials. 
It was shown by Ahrens (1952) that Pauling’s radii satisfy the following relation 






( 3 ) 


where I is the ionization potential. It is interesting to investigate how far 
equation (3) is obeyed by new data on crystalline state radii. We observe from 
table 3 that K' is different for alkali halides and alkaline earth ohaJoogenides 
but is nearly aaane within a family of crystals, Tlxe mean value of K' is 28*7 for 
idkali halides and 167 for alkaline earth ohaloogenides. 
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Table 3. Ionic radii and ionization potentials. 
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Crystals 

[i) 

I 

(Volts) 

K' 


NaJf* 

116 

612 

30*2 


KOI 

1-49 

4*34 

28*1 


BbBr 

1*63 

4*18 

28*6 


Csl 

1-86 

3-89 

28*2 


MgO 

0-86 

16-03 

192 


CaS 

1-16 

11*87 

162 


SrSe 

1-32 

11*03 

161 


BaTo 

1-61 

10*00 

161 



We may thus conoludo that empirical equations (2) and (3) ropresamt fairly 
well the correlations between crystalline state radii of ions, nuclear charges and 
ionization potentials. 
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Crystal data on MgNbCuO^ 

Table 1. CrystaUograpliio data of MgKbCu 04 


1/da l/d[2 

observed calculated 


0*02040 0*02047 

0*05067 0*05052 

0*07268 0*07242 

0*1090 0.1080 

0*1310 0*1324 

0*1686 0*1694 

0*1820 0*1814 

0*1980 0*1968 

0*2310 0*2346 

0*2816 0*2840 

0*2984 0*3058 

0*3164 0*3103 

0*3335 0*3292 

0*4031 0*4006 

0*4323 0*4318 

0*4616 0*4647 

0*4763 0*4752 

0*4968 0*4970 

0*6333 0*6341 

0*5336 
0*6667 0*6684 

0*6886 0*6941 

0*6846 
0*6339 0*6389 

0*6537 0*6615 

0*6786 0*6776 

0*7115 0*7138 


h k I l/rfa 

observed 


1 0 0 0*7336 

0 0 1 0*7863 

0 0 1 0*8083 

1 2 0 0.8379 

2 0 1 0*8786 

2 2 0 0*9389 

3 0 0 0*9781 

0 3 0 1*028 

3 0 1 1*070 

2 0 2 1*136 

2 12 1*195 

1 2 2 1*217 

2 3 1 1*272 

0 4 1 1*308 

2 4 0 1*351 

0 0 3 1*400 

1 0 3 1*426 

1 1 3 1*460 

3 4 0 1*479 

6 1 0 1*602 

2 13 1*660 

6 1 1 1*660 

3 4 1 1*680 

3 0 3 1*631 

0 3 3 1*643 

4 4 0 1*646 

6 0 2 1*658 


l/d^ 

calculated 

h k 1 

0*7310 

3 5 0 

0*7873 

0 6 0 

0*8083 

0 0 4 

0*8357 

3 3 3 

0*8743 

4 5 0 

0*9390 

6 0 2 

0*9777 

2 2 4 

1*0266 

13 4 

1*0713 

2 6 2 

1*1368 

4 0 4 

1*1916 

6 0 3 

1*2135 

6 13 

1*2737 

0 7 2 

1*3064 

3 7 1 

1*3606 

0 2 5 

1*3997 

0 8 0 

1*4262 

3 6 3 

1*4497 

4 7 1 

1*4803 

13 5 

1*6011 

5 6 2 

1*6468 

17 3 

1*6574 

8 3 1 

1*6833 

3 8 0 

1*6327 

6 2 4 

1*6432 

7 3 3 

1*6440 

3 3 5 

1*6598 

9 0 0 


Orthorhombic 

a 6-990±0 00S 1, 6 6-761 ±0 005 A and c » 4-44S±0 005 A. 


not synthoaizocl so far. It is assumed that Nb®+ ions would replace Tain- ions 
in MgTaCu 04 completely since both of them have nearly the same ionic radii 
Ta*'*' ions has 0-68 A and Nb*+ ion 0-70 A (Ahrens 1952) and equal valencies. 
But in the case of MgNbCu 04 three different crystal structures are possible viz : 

(i) the MgTaCu 04 structure duo to the substitution of Ta*+ ions by those 
of Nb»+ 

(u) spinel structure as all the throe cations fulfil the conditions favourable 
(Bomoijn 1953) for formation of such a structure, and 

(iii) any structure other than (i) or (ii) owing to energy conditions of the 
oonoemed cations. In view of these possibilities it was of interest to 
study the structure of MgNbCu 04 . 
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The compound has boon proparod for ttu. firj* < • i • i i i 

(Economos 1955) in a similar wav a - rh> . ‘i ^ ‘ ' 

lQ7fi^ Tt r. , ^ rtoacribod m our earlier work (IX»shpando 

of diameter 114 by powder metliod using Dobye-Seherrer camera 

mngb phase and complete abs<.nee of the reflections due to the reacting oxides. 

tl c ,1 T - orthL,na.io 

umt oil wrth 6.99()±0.005 i, 6 - 6.7G1±„.U95 A and c .. 4-448±0.005 A. 

Ml those dimontiona were compute<l from the singly di-iM.i.deut rofl<,ctk.ns with 

w m icoa avmg zero value. The crystallographiii observations on the com- 
pound a,re inoludtKl in Tabio 1. 


Our results clearly indicate that MgNbCuO, .loos not crystalli,se into a spinel 
structure. Smularly the crystal structure of this compomid is different from 
that of MgTaCuO^ as the extinction conditions are diffenmt for these euiupounds 
though they crystallise into the same crystal system and Bravais lattice. 
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X-ray study of L-isoleucine HCl, L*/^-phenylalanine HCl and 
DL.methionine 2HC1 
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Although tho crysta,! structuroa of amino acida and thoir hydrochloridoa have 
bean studied in dotai], thoro aeoms no data on t)io (irystal structures of the title 
compounds. Aa it ia oxtroiuoly difficult to prepare single crystals for those 
without resort to extraordinary techniques, polycrystallino uiaaa for either of 
the compounds were obtained from a saturated solution in cone, hydrochloric 
acid by evaporation at a temperature about 50°C. 

11 
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Table 1. Powder data with indices for L-isoleueine HOI 


doftfA 

dca*A 

m 

/♦ 

16*93 

16*97 

001 

xn 

12*54 

12*54 

oil 

vs 

6*76 

6*71 

030 

w 

6*28 

6*25 

022 

vs 

5*34 

5*32 

003 

m 

4*35 

4*32 

122 

8 

4*17 

4*17 

033 

VS 

3*99 

4*02 

050 

s 


3*99 

004 


3*90 

3*91 

014 

m 


3*90 

051, 132 


3*75 

3*74 

141 

w 

3*65 

3*65 

043 

m 

3*36 

3*36 

060 

m 

3*29 

3*28 

061, 114 

vs 

3*19 

3*19 

005 

w 

2*99 

2*99 

200 

vw 

2*94 

2*94 

201 

vw 

2*82 

2*82 

221, 106 

va 

2*67 

2*66 

006 

a 

2*63 

2*64 

016 

vw 

2*55 

2*56 

171 

m 

2*48 

2*48 

081 

m 

2*40 

2*40 

082, 250 

vw 

2*36 

2*36 

126, 164 

vw 

2*33 

2*33 

074, 173, 224 

w 

2*28 

2*28 

007 

vw 

2*23 

2*23 

090, 260 

vw 

2*14 

2*14 

075 

vs 


2*13 

225 


2*01 

2*01 

0, 10, 0 

m 

1*96 

1-96 

028, 320 

vw 

1*93 

1*93 

312 

vw 

1*89 

1*89 

118, 067 

vw 

1*76 

1*76 

324 

vw 

1*78 

1*73 

0, 11, 3 

vw 

1*68 

1*68 

0. 12, 0 

w 

1*64 

1*64 

0, 12, 2; 076; 335 

w 

1*55 

1*55 

2, 11, 1; 0, 3, 10; 336 

w 

1*45 

1*45 

2, 11,4; 0, 0, 11 

vw 


•m — ^medium, s — strong, w«-weak, vs — ^very strong, vw — very weah* 
ww— very very weak. 
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X-ray study of L-iaoUncine etc. 

Table 2. Powder data with indices for £-/8-phenyialanine HOI 


lS-64 

15-70 

010 

100 

110 

020 

V8 

vw 

w 

w 

10-91 

9-09 

7-83 

10-91 

8-96 

7-85 

6*42 

6-61 

6*30 

6-38 

6-45 

6-34 

120 

200 

Oil 

vw 

8 

m 


6-23 

030 

6*01 

4-72 

4-50 

4*23 

6-04 

4-72 

4-48 

4-24 

101 

130 

220 

121 

8 

m 

B 

m 

3-91 

3-92 

040 


3-82 

3-82 

211 

m 

3-76 

3-77 

230 

g 

3*63 

3-64 

300 

vw 


3-63 

131 

3-52 

3-62 

221 

w 

3*29 

3-30 

320 

m 

3-16 

3-16 

231 

m 


3-14 

050 


3*10 

3-10 

141 

m 

2*98 

2-99 

330 

m 

2*86 

2-86 

321 

vw 


2-84 

002 


2*73 

2-73 

400 

zn 


2-72 

260 


2-64 

2-66 

160 

vw 

2*49 

2-49 

212 

8 

2*42 

2-42 

430, 341 

m 

2-37 

2-38 

360 


2-24 

2-24 

440, 302, 070 

w 

2*20 

2-20 

170 

m 


2-19 

361 


2*10 

2-10 

520 

vw 

2-04 

2-04 

051 

w 

1*98 

1-97 

521 

ww 


Powder photographs ware taken using 11 '48 cm. camera and OuK^ radia- 
tion. The photographs were indi^xod following standard procedures (Lipson 
1949). 

L-isoleucine HCl : A probable unit cell is : a — 6*987, b — 20*1 1, c = 16*97 A« 
Suggested apace group is P2j22 ^vith Z = S; D^aic = ^ ^meas = 1*18 gm/c.c. 

L-fi-phenylalanine HCl : A probable unit coll is : a = 10*91, 6 == 16*70, 
0 == 5*689 A. Suggested space group is P222j with Z — 4r\ == 1’87, 

= 1‘40 gm/c.c. 
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Table 3. Powder data with iadioes for DL-methionine 2HC1 


dohi^ 

deal A 

hkl 

I 

13-39 

13-32 

010 

VB 

9-77 

10-06 

001 

W 

6-66 

6-66 

020 

W 


ill 6-64 

no 


4-98 

6*03 

002 

a(br) 


4-98 

120 


4-67 

4*70 

012 

m 

4-19 

4*18 

102 

B 

3-99 

4*01 

022 

m 


3-99 

112 


3-83 

3-82 

130 

B 

3-76 

3-76 

200 

m 

3-60 

3-61 

210 

vs 

3-34 

3-35 

003 

m 


3-33 

040, 032 


3*11 

3*11 

221 

vw 

301 

3*01 

202 

w 

2-87 

2*87 

230 

B 

2-77 

2-78 

042 

w 

2*58 

2-67 

061 

vw 

2*49 

2-49 

240, 232 

m 

2-38 

2*38 

104 

w 

2*28 

2*28 

321 

w 

2-17 

2*17 

260 

vw 

213 

2*13 

331, 160, 322 

vw 

2-03 

2-03 

062 

vvw 

1-96 

1*96 

162 

vvw 

. 1-88 

1*88 

400 

ww 

1-84 

1*84 

170 

ww 

1*81 

1*81 

171 

ww 

1*64 

1*64 

361 

vw 

1*59 

1*69 

423 

vw 


DL-mathionine 2HGI : A probable unit coll ia ; a = 7’516, b — 13-32, 
c = 10-05 A. Sugsjostod space group is P2j22 with Z = 4; Dgaie ~ 1*46, 
I>mm = 1*49 gm/c.c. 

Tho indexed powder data aro given in tables 1, 2 and 3 below. 
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Unit cell and space group of L-/?*phenyianine 2HC1 
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Pure Zr-yff-phenylalanino, obtained from British Drug Houses Ltd., U-K. crystallises 
as fibre crystals of its dihydrochlorido from cone, hydrochloric acid after pro- 


Table 1. 

dob$ A 


15-64 

14-14 

6-97 

6*26 

6-57 

5-31 

4-99 

4*65 

4-34 

4-22 


3-91 

3-72 


3-51 

3-41 

3-16 

2-96 

2-82 

2-71 

2-62 

2-49 

2-38 

2-35 

2*33 

2-18 

2-04 

1-97 

1-94 


Powder data with iadicea for L-yJ-phenylalanine 2H01 
deal 


hkl 


16-75 

14-10 

7*05 

6-18 

6-67 

6-26 

4-99 

4-66 

4-34 

4-30 

4-26 

4-22 

3*94 

3-89 

3-72 

3-71 

3-62 

3-41 

3-16 

2-96 

2-82 

2-81 

2-71 

2-63 

2-49 

2-38 

2-35 

2-32 

2-18 

2-04 

1-97 

1*94 


100 

001 

002 

102 

202 

300 

202 

103 

211 

012 

203 

112 

400 

212 

311 

303 


m 

VB 

m 

w 


w 

tn 


004, 104 

s 

113 

vw 

600, 601 

m 

014, 114 

vw 

006 

412 

m 

020 

w 

eoo 

w 

404, 604, 603 

w(br) 

602, 306 

vw 

006, 023 

vw 

206 

vw 

612, 316 

vw 

224, 324 

vw 

800, 107 

ww 

424 

ww 


Pxn-medium, »-^trong, w-^weak, vB-^very 
ww— very very weak. 


vw— vwry ■weak. 


668 



664 


B KhavooB 


Tftblc 2« Fibre pftttern datiii of £r-/9-phenylalftnixio 2HC1 * Zero imd first Iftyor 
line. 


doifft A 

deal A 

hkl 


14*14 

14*10 

001 

s 

6*97 

7*06 

002 

8 

6*26 

6*18 

102 

m 

4*99 

4*90 

202 

8 

4*65 

4*65 

103 

w 

4*44 

4*47 

201, 302 

w 

3*92 

3*94 

400 

8 

3*61 

3*62 

004, 104 

VS 

3*32 

3*32 

303 

vw 

3*15 

3*15 

500, 501 

m 

2*86 

2*87 

403 

w 

2-81 

2*82 

005 

8 

2*60 

2*49 

404, 504, 503 

VW 

2*38 

2*38 

306, 602 

w 

2*35 

2*36 

006 

m 

5*21 

5*14 

no 

m 

4*92 

4*88 

111 

w 

4*73 

4*77 

111 

vw 

4*34 

4*34 

211 

vw 

4*22 

4*22 

112 

B 

3*88 

3*89 

212 

8 

3*67 

3*58 

311 

W 

3*42 

3*41 

113 

VW 

3*19 

3*19 

410 

w 

2*82 

2*81 

412 

w 

2*73 

2*73 

501, 511 

vw 

2*64 

2*63 

612, 611 

w 

2*54 

2*63 

413 

vw 


longed evaporation at a temperature about 60®C. No work on these crystals 
has yet been reported. 

Powder photographs and a fibre pattern were taken using 11'48 cm. camera 
and CuKa radiation. The photographs were indexed following standard pro- 
cedures (Zsoldoa 1968). A probable unit cell is : a = 16-86, b = 6-431, c = 14-191, 
= 96“23'. Suggested apace group is P2, with Z = 4; Deaie — 1*30, Dmeat = 1*33 
gm/c.c. 

The indexed powder and fibre data are given respectively in tables 1 and 2 
below. 
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Abstract. Expressions for the masses of the pseu.loscalar mesons n, K, 1), F 
and X aro obtained in the (4, 4*) 0 (4*, 4) model of broken SV(4)y SU(4) 
ohiral symmetry. Then the application of the rCAO hypothesis gives two 
new relations among tho masses and coupling constants of these 

relations arc used to predict tho masses of iho Z 

.1 OB GeV and mp - 2.04 GeV. which arc quite close to the roporiou ox 

perhnontal values. We estimate also the values ^>f the symmetry breaking 

parameters and find that ej€Q — — 


L,r ™ to i^troauction by G.lbM.n,, 
m2, 1964), th,. cbtol Sf 

as an approximate theory for tl-.o studj g p<,,s,si>,lo, it is 

tion of an exact theory of strong interactions ^ ^ 

essential to exploit as fully Tylmlry holds only approximately for 

try as wo can. Moreover, as ^ i r ^Vi^) Htructiiro of 

j, .„o„« in— ^ lun !: J i.. ..«™i «... 

the symmetry breaking part o theory. In this connwtion, the most 

maximum possible ''‘I™ . of chiral «l/(3)X Sr/(3) symmetry 

popular as well as the most succes talioii of iSUCS) X ‘‘>’I^(3)> which was 

breaking is tho (3, 3*) © (3*. 3) ^ j j 9 (}g Glashow and Weinliorg 

proposed by Gell-Mann and others (Gell-Mann 

1968) nearly a decade ago. generalized on theoro- 

Th. aitiJ SC(81XSC(3) interhotton H«hlltoni«» 

ground. »ud it hM hoMi W-l 686 
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is invariaoit under the larger group 8U{4;) X 8U(4:) except for a symmetry breaking 
term which turns out to be of the order of 20%. The form of this symmetry 
broa,king term is assumed to bo the (4, 4*)0(4*, 4) representation of S£/(4) X 8U(i). 
This generalized model was no more than a mere theoretical curiosity till a few 
years ago. But after the recent experimental discovery of the new particles 
ijr and and the new quantum number '"charm”, the chiral 6'C/(4) x 6'?7(4) 
symmetry and the (4, 4’*‘)0(4*, 4) model of the chiral symmetry breaking have 
assumed a now importance in the physics of strong interactions. 

In this paper we apply the (4, 4*)0(4*, 4) model in Section (2) to obtain 
the expressions for the masses of ordinary and chaimed psoudoscalar mesons. 
Then we apply the hypothesis of partial conservation of axial-vector currents 
(PCAC) in Section (3) to obtain two now relations, involving (charmed paiticles, 
among the masses and coitpllng constants of the ijseudoscalar mesons. The 
numerical estimations of the symmetry breaking parameters h.ave bet>n mad.e in 
Section (4). In the final Section (5) we compare the two relations among the 
masses and coupling constants with the available experimental data. Wo also 
predict there the masses of the charmed mesons D and F and find that tlio predic- 
ted values are remarkably close to the recently reporkK:! experimental values 
and other theoretical estimates. 

2. Masses of pseudoscalar mesons 

Some years ago Cicogna, Strocchi and Vergara-(>affarelli analysed the 
consequences of 8U{S)xSU{3) symmetry breaking (Cicogna et al 1972) ajid 
discussed in detail the results which follow simply from the (3, 3*)0(3*, 3) re- 
presentation of chiral symmetry breaking. In this analysis th.o approach was as 
general as possible and no reference was made to a Lagrangian model, such as 
the cr-model, or to a somiclassical approximation. The analysis of Cicogna and 
coworkers (1972) showed that some of the results obtained previously by using 
specific models are, in fact, model-independent and follow simply from th<^ 
assumption of (3, 3*)0(3'*‘, 3) form of symmetry breaking. In the present paper 
our approach is similar to that of Cicogna ei al (1972), but we assume the 
(4, 4*)0(4*, 4) representation for the symmetry-breaking piece of the Heuniltonian 
in order to accomodate the more recently discovered particles. So th.e basic 
assumptions of that paper are briefly discussed in this section. 

The theoretical approach most suitable for the discussion of the spontaneous 
breakdown of symmetries in quantum field theory is the functional method. 
For simplicity Cicogna and coworkers (1972) considered the case in which the 
field theory is described by a Lagrangian of the foim 

L(x) = Lfree{x)+Lint(x)+di^i{x), (1) 

where = Lino{x) is invariant under the given group G, di are 

constants, and the basic local fields in terms of which the Lagrangian 



C^pUng constants of pseudoscalar mesons 567 

is constructed. The breaking o1 chiral symmetry is assumed to ho linear and 
is represented by the term di<^t{x) in oqitation (1). In fact, a linear breaking 
the Lagrangian or Hamilt onian density is the basic assumption of the Gell-Mann 
Oakes-Renner model (G<^ll-Mann el al 1968) as well as th.e Glaslmw-Weinlwrg 
model (Glashow et al 1968) of .S'l/(3) X *Sfl7(3) breaking. 

Adopting the same point of view of linear symmetry breaking in th.e present 
paper, wo aHSiimo that tlio Ktiojig intoraction Hainiltoniaii is given by 

H == H^+n\ 

with 

H' ( 2 ) 


Horo Hq is SU(4)xSU{4-) invariant and J/', which breaks this synimotry, is 
assumed to transform as tlio (4, 4*) 0 (4*, 4) roprosontation of SU{4)xSU(4). 
This form of is based on the requireniegnt tliat tlie isospin, h.yporcharge and 
charm bo conserved. Here ui (?* — 0, 1, 2, 15) are the wellknown scalar 
densitiotS, wliile ^o, Cg and Cjr, an^ tlu» symmetry breaking paramot(«\s. 

Following the functional motived for the treatment of the spontaneous break- 
down of symmetruvs, as mentioned above, Cicogna et al (1972) obtained tl\o 
seciond -order Ward identity in the form 

(3) 


Here Wi^ is the squared mass of the psoudoscalar meson ? , are the generators 
of the meson fields and 

A == AiUi, t = em, (4) 

where ut is tlie unit vector in the direction i and At are tJie vacuum expectation 
values of Ui : 

= <01?c<|0>. (5) 

We note that oquatkm (3) in th.e gcturtaliaation of th.e contonta of Gold.stono’a 

thoorom. In tho limit e -+ 0, the ‘modw’ i, for which pf?«, A], in difforont from 

201 * 0 , corroapond to Goldatoiic bosona. To idontify thoao Goldatono bosona, wo 
aliould know tho behaviour of A as c — ♦ 9. 

Making uao of tho symmetry breaking Hamiltonian of equation (2) along 
with tho appropriate gouoratora for the psoudoscalar inoaons in the Ward idet)tity 
of equation (3). we get the following oxpro,saionH for the squared masses of the 
paeudoaoalar mesons in terms of symmetry breaking paramoteia . 

71 “+ W ,6.1) 

Vs vr^’"'' w 
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1 1,1 
V2 Vt 

27f Vg- 


( 6 . 2 ) 


1 


1 


1 


V2 



Vo 

^15 

W)i>“ - j 

- - .. 

1 

— 

1 

■ — 

VT 

Ao‘h 

2V3 

^8- 

v^ 

Ai5 

1 


1 




V2 


Vs 


V 6 

'^16 

niF- ~ ~ - 

_ „ 

I 

— 

1 

— 

Vr 

Ao 

V^ 

Aa- 

~ v« 

Ai6 


(6.3) 


(6.4) 


nix'- == 



V3 

V'l 


A,.. 


(0.5) 


3. Two new relations 

Now' wo invoke the PCAC liypothosis in the form 

<rA^^(x) (7) 


wh.ere /f, ini^ and <pi(x) are the coupling constant, squared mass and the local meson 
(iekh respoc^tively, of the meson i. Combining equations (7) and (3) w^e get the 
follow ing expn^ssion for the coupling constant /< : 

fi = (8) 


Taking th<? appropriate generators 0® for various pseduscalar mesons, we obtain 
the following expressions for tlie coupling constants : 


Srr 


1 

V2 




(9.1) 


/« 


1 

Vl- " 


2V3^*’^ 


vr 


(9.2) 


!d = 


V2 






(9.3) 
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V3 


V"(i 


- ^trn 

tt 1 •» 


(0.4) 


Sx 


\/2 “ Vf 


(0 r>) 


From equation, s (9.l)-(9.4) one oa.sily obtain, s the relation 
fF-fo - Sk- - f„ 

Combining l.lu, eorre, spending relati,.n.s of equations (fi) and ({>) one gi»ts the 
following relation, s ; 


( 10 ) 



1 

V2 

.,+ , v 

' v«' 

(111) 

fKruK^ - 

1 

VT 

X 

> 

;> 

1 

o 

u; 

1 

A. ^1**' 

Vd 

(11.2) 

foniir 

1 

vr 


1 

Vo 

(11.3) 

fplUp" - 

1 

VT 


1 

V'ti 

(11 4) 

fxn>x~ - 

1 

V2“ 



(11 5) 


Fii oqiiation (11), wo have fivo rolationJ^ in torms of ihm> unknown paratuoioi^i 
atul r.jr,. T5]iminatinf^ tlios«‘ parametors, wo c?an firo iiulopondoni rola- 
tioxiiS amojii^ tJio .squartnl iiiassois and coupling constants of tiK-t 0 !'<linarv and 
cJvarinod psoudoscalar mesons. Tlios<^ two now relations aio 

l 2/FW/ir^. (13) 

It is possible to obtain oighteon more similar relations among tlm massifs and 
coupling constarjts tt, D F and X mesons, altliougb thc^so itdation,^ will not 
bo iiidopendont of tlic two relations given in equations (12) and (13). Two mor<‘, 
such relations are : 


= fKYtlK^-\~SDniD^ 

yurriD^ 


(14) 

(15) 
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4« Symmetry breaking parameters 

The symmetry breaking j)aramoterB Cq, Cg and Cjg can bo estimated directly from 
the equations (11.1)-(11.5) if we make the assumption of m exact Sl/(4) for the 
coupling constants. Since the experimental masses of the mesons tt, K and D 
are well establislied, the solution of equations .3) gives 


(/i)Wi)“+/x»lK®), 

V2 

(16.1) 


(16.2) 

— (3/i)TOD^— 2/„J»„®). 

•V6 

(16.3) 


Using the simplifying assumption f„ invariance of the vacuum) 

and the experimental result f„ ^ 90 MoV, along with tlui experimental masses 
of n, K and Z>, we get from equations (16.1)<~{16.3), 

f;o = 0-237 GeVs, 

-0*0234 GeV8, (17) 

=: -0-373 GeV^, 

wliich give 

= -0-0986, = -1-674. (18) 

The valuos given in equation (18) are almost the same as the recent predictions 
of Gounaris and Sarantakos (1977) who obtained = -0-099 and 
hsho — — 1‘67. Moreover from equation (17) wo find that le„| Si l-57jeo|, 

which shows that the SU(4) X 811(4) breaking is not much stronger than the SU(4) 
breaking. 

On the other hand, if we take the experimental value 1-28 iorfulf^ in equations 
(11-1) and (11-2) and use the weaker assumption fo SJ /r in equations (11-3) and 
(11-4), then solving those four equations for f„ = 90 MeV, we get the following 
estimates for the symmetry breaking parameters and the coupling constants : 

e* ^ 0-202 GeV®, 

eg = -0-0306 GeV», 

e,B=-0173 GeV», 

M„s/WA~0-49. 


( 19 ) 
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From equation (19), we get 

ea/eo= -0-151, eje, = -0-869. (20) 

These values differ from these given in equation (18) sinee tliosi' values were 
obtained under the aHsiimption ol* an exact 8U(4:) Hyiiimotry for tJio decay cons- 
tants, wliilo under the weaker assumption used hero wo find that folfn fplfir 
differ appreciably from unity. 


5. Discustfion 

The two now relations givim in equations (12) and (13) cannot b(^ compared with 
the experimental data directly, siiu^e many of the ctmjiling constants appearing 
in them are not well eatablish.ed experimentally. How<.ver, if we make the 
simplifying assumption 

fir ^ M ^ fxy 

and use the above montionod experimental values ioi* tlie ruassos oi tt, K and 
X mesons, then equations (12) and (13) predict the following numerical estimates 
for the masses of the charmed T> and F mesons : 


mu - 1-98 GeV, mp = 2-04 GeV. (22) 

Wo notice that this value of mo »» fairly oxpu-imental value 

mu -■= 1-866 GoV. Moreover, the value of my rouglily agrws with the previous 
ostimatoa of 1-975 GeV (Do Rujula el al 1975) and is remarkahly close to the 
recently reported expwimenial value m,, = (2-03«±()-060) GeV (Braudelik ct al 
1977) On the basis of the measured near-equality of /„ and fg, we may reason- 
ably oxpect tlu, assumptions of equation (21) and the predictions basiKl upon it 
to hold within an accurai,y of 10-20%. From this 

agreement of the preilictod values of mo and mg of equation (22) with the expo - 
mental data is quite remarkable. Monsm,r, the assumption of the approxmate 
equality of the coupling constants is consistent with equation (10) obtain^ oa^her 
and has been predicted earlier on theoretical grounds by seveia au ors see, 

for example, XJeda 1976). 

Finay « note that .ithoueh it ta «Sit» ."f, 

experimental masses oi ir K, 

M. « 0-37. The estimates for ^ 2-790. 

variations from the value umty. . _ y.3 phase space model. 

whUe Quigg and Bosner (1977) estimate foil. - 0 3 m their p 
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The dielectric properties of cadmium iodide crystals* 

A M IForiiaiuloz ami O N Srivastava 

Department of Physics, Banaras Hindu XJnivorsity, Varanasi 221005 

Abstract. Tho dioloctrie coiiBtant (er) fur diffcront Cdl 2 polytypos is clifl'orent. 
While high period polyt.ypos oxhibit valuos in the range of 60-1110, Iho parent 
4H struefcurti exhibits values in the range of about 15-30. Both increasing 
poriotlicity and increasing disorder ineroaso tlie Cr value. It is also possible, in 
tho abaoiico of disorder, to ebarabterizo a jiarticiilar polytype by means of its 
Cr value. 


1. Introduction 

Tho pliouomonon (•( ])olyiyj>ism lias lM‘on vvidoly invostigatt^l. in tJio last two- 
tlirw (ItHiadt^s, ih,<4 attoiition hoing ])artiovlaily paid towards itudorsianding tho 
growth lUocl'.anisiii ol polytypic crystals A ct)nipl(d<» undorstanding ol tho 
(rrowtl*. pi-i)(!OS,s will ovmiUtally kiad to tlio cotdrolUtd growth of polylypen. Thi« 
in of iintuonso tooluiologioal iinportaiico Hiiico, diltoront polytypos ol tho sanio 
stibstaivco, diffoi'ing wididy in thoir (o'ystallograpluo (d'.iiraotoristius and Ivoiico 
ix)ssi«sing distinctly difforont ijhysical proportios, could bo usefully b.aniosstid 
ill tho fabrication of application devices. It may bo mentioned b.oro that difforont 
polytypos can bo obtainwl from initial ones by inducing phase transformations 
in them. Tlius jiliaso (ransformations aio imjioitiuit in thcmsolvoK in tJmt they 
roprosojit a moans of obtaining otJior polytyims by controlled methods. 

CdTo is one such polytypic substance. Being an insulating material with 
a wide band gap (GonnoJl H al 1008), its property of inbuost would naturally 
bo tho dioloctric ono. Wo choso to study tb.c variation, if any, in th.c dioloctric 
constant (er) of different Cdl. polylyix^- oxUmsivo study spread over 

70 spocimons, it has boon ostablisluHl tliat different polytypos possess difloront 
dioloctric constants (Fornandoz and Srivastava 1975). 


2. Experimental 

The Cdl, crystals used wore grown from aqueous solutions in tho manner of 
Mitchell (1956). Suitable hexagonal slvaiM^i crystal plabdots wore “ 

tested for identification. 15“ a-axis osciUatioii X-ray diffraction photographs 
were taken to identify their structures (brivastava 1964). 


► ProBunted at the 
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Moasuromonts of the dielectric constant wore made with a aystronics LCR 
Bridj^o Typ(» 921, at a frequency of 10 KHz witli the capacitance in aoricH. No 
less factor was observed which means that every €f value quotc^d is the equivalent 
of the real part of the complex dielectric constant, since the imaginary part, 
related to the loss, is zero. 

3. Results 

As mentioned earlier, our investigations over (>0-70 crystals have established 
the fact that CdT^ polytypes have <liekx^tric constants higher than that of the 
parent 4H struc ture. The dielectric constants for sc^veral long p(U‘iod polytypes 
have boon found to lie between 00 and 190 wlxereas llu^ 4H parent structure has 
a value in the range of about 15 to 30. In particular, both increasing poly type 
periodicity and increasing disorder increase the dielectric constant (Fornandtr/ and 
Srivastava 1977). Table 1 gives a list of polytypes listed in th.eir increasing 
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FACiLlTAriNG 
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INSULATOR 


~ CRYSTAL 
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BASE PLATE 

BASE PLATE 

SPRINGS 


Figure 1. Triangular jig assembly initially employed for dielectric constant 
measurements. 


Table 1 


Before transformation 

fill 

After transformation 

No. Structure 

€r 

Structure 

Fr 

1. 16H (ordered) 

68 

— 

— 

2. 20H+D 

90 

4H4-D 

74 

3. 32H+D 

114 

4H 

21 

4. 34H+D 

156 

4H 

24 

6. 66R \ 

181 

4H 

27 

108R J 





D Disorder 
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h.gh poriocl polytypes, namely 66/e and 108/?, the e. vahxe Ib a.H high as 181. 

tvne ^lytypoh Wore made to undergo phase transformations (of the 

tyiw nH (or nR)-^4H which can be induced by vacuum annealing treatment 
at tem^ratnres ranging l,otw<,on 26(»° an<l 28600 (Tiwari and Srivastava 1972. 
Rai and Snvastava 1974) and the transfarnu.l 47/ structures exhibited dielectric 
constant values m the <,xpecte.l range. This procedure help,Hi in making an 
unambiguous distinction of the dielectric behaviour of the polytypic crystal 
m comparison to the corresponding 47/ sta-ucture'. It should be pointed out that 
^ * ' ‘*>iige foi the vahres of e.^ for 4H. This probably arisivs from somewhat 

differing growth conditions which may result in diffei-ent, densities of as-grown 
iraperfoctions for difl'erent ill crystals. 


;0)/JAW Ctlb 
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LEADS ' ' 





£ 

o s to ^ 






SCALE 

'^MOVABLE metallic ' 
ROD 
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BASE PLATE 


Figure 2. Screw gauge jig assembly employed for dielectric constant mea- 
surement. The crystal is mounted botwoon A and B. 


Aa stated earlier, several of the Cdl* polytypic crystals exhibited varying 
amounts of disorder existing in conjunction with the order (o.g., see figure 3). 
Tho disorder is manifested by the presence of a continuous streak connecting the 
various 10. I spots on tho X-ray diffraction photograph and arises from random 
stacking faults. In order to dotorraino tho influence of the disorder alone on 
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the diolootric constant, an extensive search was made for crystals exhibiting 
disorder only. Such a disordered 47/ structure found in the present investiga- 
tion is shown in figure 4. F(3r this ciystal, 6> ™ 67, which is higher than the 
normal value for cy (4//). Another such example was found in thet ransformed 
4H structure of an initially disordered 207r polytype (No. 2, Table 1), where the 
disorder still existcHl aftesr anuoaling (figure 6). The transformed crystal gave 
an Sr value of 74. 

A comparison of the original negatives of these two disordered 4JS structures 
showed them to bo possessing almost tlie same amount of disorder and their Cf 
values (67 and 74) are seen to be comparable, too. The first crystal was annealed 
in a way similar to that employed for the polytypic crystals and tiansformod to 
an ordered 47? structure. The intensity of the continuous streak (depicting 
disorder) was found to have completely disappeared and th(^ crystal gave an Cf 
value of 30, in the range of Cr (47?). 

Based on those results, it can bo said th.at disorder tends to increase the di- 
electric constant and tliat two idonii(^al si.ructuros exhibiting comparable degrws 
of disorder will have the same diolectiic constant vali»(\s to tl\e first order of 
approx i mation . 

For the unambiguous characterisation of a particular polytype with a specific 
dielectric constant value, one sl\ould have mor(» th.an one polytypic crystal corres- 
ponding to. the same periodicAty and siruotnre. It is not <^asy to got sui h cases as 
often, the structures (layer sequences) vary, even when the XJoriodicitioa remain 
the same. [ii our search, however, two different crystals having identical 
periodicities and structures were encount<^rod (Their photograpJvs are sho\m 
in figure 6). 

Based on considerations of the intensity sequence, it was concluded that 
theses belonged to the structural sc^ries (22)„ll with n 3, i.e. they were 147/ 
structures (Mitchell 1966). Both existed in syntactic coaloaconoo witli ordered 
47? structures. Their dielectric constants wore measured separately and gave 
values of 62 and 64, respectively. Table 2 summarises the data. 

Togofthor with the ordered structures, a slight disorder is also present which 
is indicated by the faint streak running parallel to the c axis in the X-iay diffrac- 
tion photographs (figure 6). This, however, would not affect the value of the 
dielectric constant to the first order of approximation. 

In order to get further confirmation of the fact that those crystals could 
be characterised by a common Cf value of 63, they were made to undergo the 
nH 47? transformation. Both crystals transformed to order 47? stnxotures 
and their Cr values wore 16 and 14, respectively (in the expected range). 
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Figure 4 . f/ a\is lo' rHcillation .i7-my <linVn-fiti()u pliofojLTmpb .showing a 4H 
papfnt- structure with a high degree of disorder su})firjK>s(‘d on it, as iiKlicjiited 
hy ilm broad slroak joining the 4-H spots oji (}jo first layer line. Tho first 
irit(;ms(< .spot towards the ('(‘ntro on the 10. I row (IhsL lay<T line) corrt'Hponds 
to 10.10, 
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Figare 5. «-axi.s I.V o-^iMllation niy dilTniciiou |)li()i()^.ra})}i showing tlic -IH 
puTi'nt striiPtufM ohUiitV'd by tin |)oly1\|)i(' ('rystn! (No. L\ 

Tablo ]). Notice dll' prri'Ui’'' of tin* jmralk'l to IIh* r* axis iiuiicnl ioji 

the i)res(‘nro of <li'i>r(h‘r. The Hfn‘jik (*lcariy visibk' in tlio 

oriiiinal nf;?ativr but Ira. <!i/nin 'd somiAvIml on prird. 
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Figure 6. t''>' iwcilliU ion .c rnv ilifiractioii i)lu)ti)t;inphB of iho two UH 

polytypi-w of Cdlj. 'Ho fni"l joining tlio Jd. / row of spotn indicates 

tlio prcsciico of a sliyld disorder. The first iiil-nse spot towards tin- centre on 
the 10.' row ((irsi layer line) in each [.hotoaniph oorrespon.ls to I0.3.'.. 
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Table 2 


SI. 

No. 

Before transformation 

Aft or transformation 


Structure 

€r Value 

Structure 

Gr Value 

1 

/l4H 1 

62 

4H 

15 


1 4H J 




2 

(i4H\ 

84 

4H 

14 


1 4H J 





Thus two identiGal ordered pohjlypic itructure,^ c/in be characterised by a 
cular Cf value (Foniandoz and Srivastava,i077). 

4. Discussion 

Oui* basic result staU^s that difh^reui polytyp(^.s exhibit difforont values of di- 
(Joctric constant and th,ai. polytypic slructuros oxldbii liij^b. tf values while 47/ 
parent structure's oxldbit vahn^rt in ilM> low range of 15-30. A possible explana- 
tion in suggested in t(ums of tl\e occurrence of vsta(^king faults and their oflect 
on the orientation polariza})iliiy of the CdT.^ (uystals. 

As is well known, th<^ <Ii(.^l< metric b(^h.aviour arises duo to various polai'ization 
effects such, as th,e olecti'onic, atomic (or ionic), orientational and inierfaoial 
polarizations. 

This may Ixj expressed as (Zaky and Hav^ley 197n) 

OC = QLe “I" " 1 ^0 "h 

wlu'T’o a is the total polarizability Tin* diekMdric (*onstant depeiuls on a as 


and would vUango if any of tho 4 o<..tipom»nl polari/..d>ilitioR changod. 


For solids, unlik<^ liquids, tlm orinntat.ional polarization is usually ahsont. 
Only in spouial casos, wUero tlioro oxists .sufficient frwHlora for tlio dipolos to 
orient thomsolvos with the field, does ttve orientational part come into play and 
contribute to the dielectric constant. 


In CdL polytype,s, since the structure consists of closo-packod iodine layers, 
with the close-packed Cd layers .sandwhich.sl in between them there is no room ^ 
for the molecular units to rotah. or turn over on application of the field (Sinjrth, 
1966). It is thus oxp<«,tcxl that, uv the 4// hasic; polytype, the sole 
effects would bo duo to the electronic a.id ionic contributions. ^ Hyt^. 
howeror, results from the occurrence of ordoroil stacking faults m the parent, 
4fl structitre. The stacking fault regions, being bordered by partial dislocations. 
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would preMit local regions in the crystal where the dipoles would have freedom 
of turning and rotating with the field and thus would contribute to the orienta- 
tional polarizability. The polytypos would, therefore, exhibit higher vajuos of 
Cf than the parent 4fl structure. 

We have seen that a high degree of disorder also influences the dielertric 
constant rather seriously. This is expected since dielectric constant represents 
an averaged out-offwt of polarizations. Also, the disorder arises due to the 
presence of random stacking faults in the crystal. Therefore, regardless of 
whether the statiking faults are ordered (polyt/ypic crystal) or disordered (dis- 
ordered crystal), the orientational polarizability associated with stacking faults 
increases the dielectric constant. However, wl ereas in the ordered situation, 
the polytypic, crystal can be characterized by a particular dielectric constant 
value, the same is not true for a disordered crystal, since in th.is case the degree 
of disorder associated with it cannot be easily evaluated 

Further studies concerning the effect of inlrapolytypic transformations (Rai 
H al 1976) (of the type wHj (or nRj) -» nJI^ (or nR^)) on th.e (liehwtric constant 
are under progro.s.s and results would Isr fotthcoming. 
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Bonds in solids : unified treatment* 
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Itecoivod January 1977, revised 1 November 1978 and 17 April 1979 

Abstract* In the present work dbo author has presented a quantum nioehanical 
unified approacli to bonds in sofids. T'cehniquo usetl is the two particle two- 
time Green function method. IjftteractiouB taken into account ai‘e overlap, 
Uoulombian, quardrupolar interactions and coupling of tdoctronic states 
with thermal excitations, 'fhe result obtained gives, under various limitmg 
conditions corrosponding typo of bonds, i.c., inolallic, covuU'tit, ionic and 
van der Waals bonds. In atiditioii, the author has been able to obtain, 
From present approach, criterion of supereonductivii^ in metals; super- 
fluidity in liquid Helium and the Mott-transition. It has been shown that 
when bonding between same typo of atoms is considered, semiconductors aro 
(lilTororitiatod from metals by the predominance of tlie quadrupolar interaction. 
Superfluidity has boon shown to occur in liquid Ho^ due to trooper pairing an 
in Ho* duo to oolloctive effect only. 


1, Introduction 

A .mlW .,f » siv.«. U™. H - "■ 

approrimation wl.«r,.. in B«n.,wl, tln.r., .m. t«o typn, nl ^ ^ 

1. at .»rtaln toito P.„,p...atut.., A. U... n.,l,a,faat,o„ nta.i., ota-hon. nl 

aLmn intoaot »iU. oaoh in .lifto'nn* ‘yP" »' ™ ” 

The Mtalyni. of pn..^ in »a,ln in «. nk.tron 
iTutto tw„.p»tii Gr.,.n'. rnntli.,,. inttclncotl for «,«. I y 

n. ,1961 ). Tltin panic,,. Gt»n'. 

oribed by Zubarov (1960). 

The Hamiltonian of tlio system is defined as . 

B- L y V,^a, +a, + S «»o!! 

H ==^eia aj„+ai» f- ^ “»« ^ 

I"' “ . n) 


+S Hw,bs'^bt+ S Vi(saiai(b,+b, '')• 


( 1 ) 


• ^ qnlid State physics, Calcutta, 1977. 
♦ Presented at the International Symposi 


679 



680 


8hri Kant Dubey 


If laHi two torms (tho ph(^non (moi’gy term and oloctroii-phonon intoraotioii term) 
are madc^ siore, tlio alxjvo HamUtonian rediieey to the general form defined by 
Hubbard (1963). Vahioa of indices /, 1c, m, n, ... etc. take values ••• 

and Jb i et(^. \vhor<^ suffixes d* and B represent sites corresponding to 

atoms A and B respectively, €i represents energy of Z-th state minus chemical 
potential. Vijc is two centre overlap potential, vij^mn represents four-centre 
inter actioji and talces diffensnt values as 


Ia 


.'i 

A 


Ib — V. 


^b^b^b^b' 




wher<‘ priim^s on iiwlices demote diffenmt states at tlu^ sanu^ >site, I n^pn^sents 
Coulombian int<n‘action at tl\o same site, I r<^])resents Coulombian interaction 
between dilTerent sites and Q ileiu)tos quadrui^oJar interaction. 


2. Theory 

Doxible — timt^ two-electron Green function is defined as 


0^ . (^/') - < ( 0 «- ( 0 ; (if (('')(if (t')> (2) 

where are usual fermion creation and destruction opuators. Tlio exx>res- 

aion for Fourier transform of above Gri>cui lunctioa is obtained after calculation 
to be (fe = 1) 

=- — : — — — 71^ torms containing propagators not 

(ab ^ab\ ) returning to tJu> original site and 

being negligible (3) 

Avhero 




+ A2(£() -\-X3(E-\- ■'^iB(E) 

nQ {E)=^ S { S Q2 

*A'h' ' 


n, (1 —'// . J> 

" ' M 

, , . M' (iJ) 

AS^ ’ 


.-M: (E) 

'f B 3B 3 b ^At>\ ' 




M ab(.E) — e^ -\^ej S , + S 

Wi4' 




+ S S V’J I 

8 ^ J 


(4) 


( 5 ) 


( 6 ) 
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A*** = V -^1 


«f * — s 

^ A.B 

9 fl ^ 




\ 3npA <Cr- . > i Ailin' < (}. 

H}b tAjn 






JB 


(0) 


- -.1 1 .^ ), 7>,^ - (/a'^„v I /^b)- »' 

11^(1 A,3n) /t~{iA.jn 


/IV I ’/ 1 / 3 / '’ 1 * 


77. . ■- , I tj; ^ -| fi „ — c. , I ft. -ft. 

^'lA iA lA »,i »/i jn jn' 

■ = £• — (-■. ,-1-ft. „ — ft. , -j-ft'. ~-ft. , 

3b }b 3 b 3 b M ia 


(10) 

(il) 


\Am- o 


X. “I 

i] ^ A A A y j 

^ ^ ^^aJb r 

nA±lAy^A 

^^\a{E)+X\a[E) I ... J 


(12) 




WB±iB ^ ^n±:3Ji ' i^mj5 ' ♦>!<//? 

fjlU±^B3A 


<■'- />*. ''b^b 


- ^‘ib( 7 :)+A*,b(^) -!-••• J 


(13) 


A^{E)^C X 




1 

^Ajn 

^ ’'v. ) 

42 : i: 

^ndr.'M, 

nA:L^AfiA 


+ ^”Ab) + •■ 

.. ^a^^E)+a.,heh- 

(14) 
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A3(®) = C 2 


m 


' jjstnjj ' ^aJb 


-f 2 ^*a”^b I ^^b”jb —Vgi ) 

JBIHb ^ InjB ^iAjB 

<lB±mB,jB 

X^\E)+X^\En... 


XUE)=^ 2 XUE) 


fArhlf^AJ'At^A 
VA=^fAA9 ••• ^At W^» Ia3 "^A 


V. F. F # 

( V —V \ 'a^a ^a^a 

\ ^b‘a ^b’a e, . ) e* . , e®- 

Mm m»^ 


••• giT-i e^ 

tA/^A ‘i'A^A 


X,b(E)=^ 2 X%(E)=- S 


-^>2 'fnndbjB 

QD±fn>BfjB 
XB±qBf mBfjB 

VBjt^Bf ••• 


F^ . F. 


v/f — P" ^ L ( 17 ) 

^ \ *^4*”/# ^.4^13 e. / .77 e2. e^ I 

lAins ^OBfriB JbUb Jb^b 3 bVb J 




=^\E-t,,- A«-M£?)] 

ft = (m.jb) « = (^- ■») 

T = (t^, Ab) 

e„ = E—€„„— n,» (^) -A, 


—n.Pit 


A = (M.Jb) 
I' = (<ii. Ab) 


a = (4, B) « = (4, B) a = (4, B) 


o- 1+ E <^.)+ s '«)=:>■ 

*A» *A ^B' 


The term jpg appearing in (7) gives the probability (concentration) with which 
the incoming electron gets scattered without affecting the Coulombian coupling 
existing before interaction. E given by (9) is the first order energy expression 
and it has been used in calculating value of D’a given by (10), (11). 
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Series and \ib(E) dofinod by (12) and (13) are Anderson-serios (Anderson 

1968). When those diverge, the state at the corresponding atom becomes 
extended. In tl',o rover case of convergent series localized states is formed. 
Using this Andor-critoria it can bo said that for propagating states series Xi(E), 
A 3 (.B), A 4 ^(J 6 /) and X^b(E) should also diverge. When only series A 4 ^(JSr) or 
X^p(E) diverges and oth.ers do not. the State at the corresponding site has the form 
of resonanc<i state. 


3* Explanation of bonds 

Let us restrict to case of ordertxl solids. It implies that each series is considered 
to diverge. Also, since the solid is ordered one, only the first term in the senes 
A^^(£), Xib(E), X^(E) is sufficient for making the state propagating one. 

Rost terms and series A 4 ^ (E) and X^s{E) are neglected because of being higher 
order. 


3.1 Covalent Bomd 

Lot us conBid(^r identical atom case. The expression for energy, by making 
denominator of (3) zero, is obtained to be 


E—e. 


iA<T jA<r 


€. S 2Q^ 




E ^ ab{^) 


i 

*A^A 


iA* 






(19) 


Making wso of Block expansion 


A 


in tko above ^iuation, wo got an cx,uation in Hocond ordor 

of two (gronps of) psondoparticlos-bands corrosi>ondmg to two roots and 
fi of e Evaluating solfconsistontly at unperturbed value of energy 

'i-aV 


E = e. +e. 

JA<r 


e — e ^ 

fCgOr KiCr 


one gets the difference 
^ r 2(3* 


JA 


+Or (/4+S tA) < ni^‘ 
■’* iA,iA' iA 


> 


It ,:.pre«« of g»P >»»<”» 


( 20 ) 
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I'o ealenlato ordor of inagiiitudo of gap, lot us substitute in (20) approximate 
oxj)rossi()!is for I a, tA ^nd Qa given by 

^ ~ N R ^ ^ ~ N 2B ^ ~ F R^ 


N is numb(U’ of partiolos and R is interatomic di>stanco neglect A** term by 
(ionskb^riug evaluate at T — 0; we got 


KgCT 


6 

K^cr 


2x«cX(w»— 1) 


*A 


(l/7J«)(27-2)* 

» (I +25)27.2 

ev.(21) 


wlieri^ Vc is coordination number and rie is valence. Energy gaps of C (Diamond), 

C (Graphite) Si and Go h.avo been calculated by use of (24). Values of R have 

been taken from Pauling (1000) and (^. — e. ) values from ionization potential 

*a ( 

data given by Kothari and Rao (1970). Results obtained are respectively 6*05, 
0*008, 0*79, 0*63 ev. Comparison of these estimates with other calculations 
(Kittle 1971) shows very good agreement. Also, it predicts correctly the smaller 
gap in Si, Go (i.e., semiconducting beliaviour) and larger gap in demand. 


3.2. Metallic BoTid 

If wo make the quadrupolar term in (20), zero, as is the case in metals because 
of close paking of atoms, we got 

^ t VA^^] (22) 

wliii^t giv(^s the resitlt of overlapping bands (negative gap). Polyvalent metals 
Jiavo Ixjth, spin <»lectrons, therefore low(u* band is complc^tely filled and wo get the 
above case of overlapping bands (cf. Mott and Davies (1971)), Monovalent 
metals h.ave only one valence electron so that lower band is filled half onl'y giving, 
thus, th.e case of incomplete Wilson band (Wilson 1931). This agreement, hence, 
givo>s prove of the object. 


Superconductivity 

WI>en the term p,^ rt^presenting the probability of uncoupled Coulorabian 
int(»raction is not small, is not negligible. If, in addition, we have conditions 

Ua ^ 
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The term ,.o,nos (mt to bo nogativo at tomporaturos wlioro 
1A^«4| > \7Ia'P^\, 

Wo, tl\on, got from (22) a small positive band gap. Tl*o second condition of (23) 
has tbo effect of making the Coulombian t(M*m, present in expri^ssion, negative 
i.o. attraotivo. Tims, slv)wing formation of Oopper-j)airs followed by tlio effect 
of band gap i.o., BOS oir<>ct (Bardc?en et at 1957) and, lumct^ it shows agr<»oment 
at microscopic scale. 


Comparison betivmi Oovalevt and MefaUic bond 

A comparison of the l•eslIltK ot section 3.1 and 3.2 gives a new result tliat 
(jovalent bojtul is differentiatixl from metallic boiul by tl»e pn^senee of quadrupolar 
interaction in the former and absences of it in th(^ latter. The effect/ of quadru- 
polar term, which being duc^ to directional eJiaracter of bonds, has been thougli 
knoA\m in cliemical explanations, it was not recognis(‘.d in quantum mechanical 
theories of covalent bond. Tlu^ present study overcomes it. 


3.3 Ionic Bond 

In th.is case A and B atoms ar<^ differ<?nt After similar ])roc(jdure the })and 
gap is obtained, at T - 0, to be 


Sl<T OC 


wlu^ro 


<x — 


<^2 p <'^\cc <V^ab>'\^ 

fiifi, ^ 1 ^ 2 — < yAB'.' 


(25) 


— €. —f. — S (In i S Iab) <11., 

• m„a jn 

H " tAB)< > 




'i.A 


(29) 


Tn ionic solids difference in ionization potentials is v<’>ry liigh. As a result 
e® and therefore /? comes out to bo large giving large band gap. Thus, it yields 
Wilson criteria of largo gap for ionic solids. The band gap given by (25) comes 
out to be large when /? is large and negat ive, or wlion is positive with {fi 2) > 1. 
For == 0 and 2, gap comes out to be zero and for p positive, gap becomes imagi- 
nary. Hence, for values of P positive and < 2 one has non-ionie bond cas<^ as 
in alloys and /? = 0 case is the metallic limit of bona botw(xm identical atoms. 
This result presents clear differentiation for ionic bonds, in addition, to showing 
the agreement. 
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Mott Transition 


If tho distance between A and B atoms in ABO compound is changed the 
contribution to changed. It has the effect of changing e® because of vaa-ia- 
tion in and € 3 . If these values are so adjusted that value of p comes in between 
0 and 2 , the band gap disappears and one gets transition from non-metallic to 
metallic case. Similarly in vice-veisa case tiansition fiom metallic to non- 
metallic one. This is Mott-transition (cf. Mott and Davies 1971), the theory 
of which was enunciated by Mott in 1949. This gives a microscopic agreement. 


3.4 Van der Waals Bond 

For inert gas atoms, overlap terms V etc. are zero. Restiicting to 

^aIa 

identical atoms case wc get, for this case, tho expression 


O. 

UJA^ E- 


-€* — e . — — tta 

Mcr jAO 


Witll 


(27) 


= s s 

^At jAtjA 


2Q^ 


(28) 


The relation (28) of perturbed energy agrees with tho 1 elation obtained by London 
(1930), and, hence, proves the object. 


Superfluidity 

As the term is due to strongly correlated electrons (with, probability jy^), 
its presence gives rise to a superfluidjeomponent where atoms arc. strongly corre- 
lated. It exists in the system together with tho normal component having 

probability pi = 1 — p^. The term F in A®® is inversely proportional to mass, 

iAS 

therefore, we get that presence of such effect is most probable in Ho. It is tho 
two fluid model of London (1941). When in A®® conditions (23) are also oboycMi, 
one gets Copper-pairs which aro obtained to bo more probable in He® th.an He^ 
because of the term F. . It is in agreement with results of Brueknor et al (1960), 

tAS 

Pitaiveskii (1969), Emery and Sosslor (1960). The above, hence, supports the 
theory. 


4. Gondusions 

This analysis, thus, presents a successful unification of theories of bonds in solids 
which # in addition, goes to the depth of explaining microscopic effects like super- 
conductivity, superfluidity and Mott Transition. Also, new results for resonance 
state, covalent bond and ionic bond have been obtained. The implication of 
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tl?? V '°T “ h»P«‘ ph™- 

^ .B wy long r«„g„ orf™-, 

to hold opto dBtances as largo a, 1300i (Duhoy h al 1977), will te oapteinod by 

he mcluBion of it as it coiitauis contribution duo to phoiiona also. Its theory wiB 
be given soparoitely. ^ 
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Abstract. Despite the fact that degenerate semiconductors {Ni = 10^®-10*o/o.c) 
have established themselves as a distinct group of solids due to thoir various 
t(3chnological applications, the concepts upon which their physics rests are 
still open to questions. An attempt to reformulate their physics has been 
made in this article. Since shallow impurity states disappear above a parti- 
cular doping in such samples, impurity bands can not bo formed due to over- 
lapping of impurity electron wavefunctions, as believed previously. Even 
prior to such a phenomenon, the bond broadening may also be shown to be 
insignificant, as the ions are situated at relatively larger distances compared 
to the impurity Bohr radius. Employing Thoinas-Fermi and Hulthen poten- 
tials, the binding energy <»f shallow states as a function of doping has been 
computed first to establish tho futility of the impurity band concept. As in 
the heavy doping condition (above 10^®/o.c) tho impurity ions are highly 
screened by mobile carriers, they may ideally bo regarded to perturb electron's 
energy in an otherwise perfect crystal. In other words, Rayleigh -Schro- 
dinger's perturbation theory may bo regarded as the most appropriate tool 
in describing tho behaviour of carriers in such samples. Using these ideas, 
several physical parameters concerning heavily doped semiconductors e.g., 
the percentage of ionization of impurities, tho Fermi level position, tho tem- 
perature and pressure gradients of energy gaps etc. have been derived and 
reported in this paper. 

1« Intriiduction 

The intoroat in tho >study of heavily dopeni aoniiconductors was spurred by the 
invention of tunnel diodes in 1958. Prior to this discovery, devices contained 
impurities upto about 10^'^/c.c. only. At such and lower concentrations, shallow 
states are localized in tho forbidden gap. Interaction amongst different impurity 
states then is negligibly small. But with subsequent rise in tho doping level, 
the average distance between impurity atoms decreases and the wavefunctions 
of electrons bound to neighbouring impurity centres begin to overlap. This has 
been believed to lead to the impurity band formation and the resulting decrease 
in the carrier ionization energy. It has been argued that the activation energy 
reduces to zero with the merger of the top of the impurity band with the conduc- 
tion band edge (in case of donor doping). With rise in the doping concentration, 

* Presented at the Intemative Symposium on Solid State Physics, Calout^, 1977. 
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mately ponotrato« tlu, alloworl band. TJ.o higher .lonwty of earriors produced 
by heavy doping requiro« the application of tlio Fonui-Dirac statiKticK. Such 
a gas of particles has, therefore, bwii torined a.s degenerate and, as such., lieavilv 
doped aomiconduetors are often i,lentified with degenerate HiMuicunductors 
Normally, they aro dopxl in t]\o iaiig<^ of lO^s to lO'-*’ por c.c. 


In the sections to follow, wo sliall prove the futility of impurity band 
concept and establish the ap])licability of Ilayl(sgh.-Scliroding<M 'H perlitrbalion 
theory in describing electrons’ motion in h.eavily (h>ped samples Tlusi, inalh.e- 
matical expressions for (i) tb.e density (.f statiw, (ii) live Fermi level, (iii) tlut 
percentage of ionization of impurity centres and. (iv) th.e temperature and the 
pressure coefficients of energy ga^ts in sucdi a sample shall be (bvrived. All f h.ese 
parftniotora firo known to luivo iniportUiftt pliynk'al Kignificanco. 


2. Impurity band and ionisation energy 

Tho variation in aotivation oiu^rgy witli doping wii'; <f\])orinuMi(ally ol>s<‘.rvod 
by Poarson and Bard<w>n (1049) and lator f>y T)(‘l)y<^ and (^onwcll (lOol). Tlw^y 
oxproSt^od tlv<' dopoiidonco by th(^ following oinpiric^al n^ations : 

Ei(Na) -i7<(0)-W'3 (1) 

Avhoro Na roprosonts tJ\o donor com*., Ei(^^). tl'o ionization i^nnrgy under low doX)ing 
condition and /?, a const. Tliis (‘xx)ros«ion cloarJy suggi^stM tlio i^xiHtcnco of a 
critical delocalization coiicoTitration at wb.icb. tlu* aclivuitioii imorgy vanislus. 
ESR (Folior 1059 Mackawa jlikI Kino'^liita 1965) and lattice rt'laxation 

MtiidioH (Siindoids and Holcomb 1964) have snbseqiU’.ntly coiifirnuxl Mnch a 
prediction. 

Although, Pearson and Banhxui (1949) and lat<*i Casu^llan and Seitz (1951) 
had clearly remarked that tlio variation of tlie activation eiuMgy with doping 
m duo to tho oloctroStatic ScTConing of dvarged ions by mobile carriors, it h.as 
boon tho prevalont belief that th.e ioni^^ation imergy vaniHh.cs owing t(.) tlu^ nu»ig<'i 
of tho Ui)por edge of the impurity hand with, tl\<^ conduction band idge (for donor 
doping), as already montionfxl The cliancc^s of im])nrity band foimation due 
to tho overlap of bound eleidroji wavofunctions can lie slunvn to ])c inhignifiiuint 
before Mott trannition or canier delocalization, biKuiuso tlu^ impurity atoms are 
situated at relatively larger distances comi)arod to th.e impurity Bolir radius. 
Beyond thi« transition too, th<^ formation of such a ban<l is impossibk» bocaus<^ 
of the non-exiatenco of bound electron wavei unctions. 

To obtain expressions for the impurity Bohr radius and the criticalol ectroii 

4 
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concontoation at which the impurity states disappear, wo represent electron 
potential energy by its familiar form. 


whore 


F(r) 


Aa = 


A, 


. exp(— Ar) 


(2) 


A* = 


47rne* 

ekgT 


e = oleotronic cliarge, e = static dielectric const., n = electron cone., kg = Boltz- 
mann const., T — absolute temperature. ^Following Bohr, one may then write 


m*V^ 


0 

dr 


{ — exp(— Ar)| ==: (l+Ar)oxp(— Ar) 


(3) 


But from quaaitizatioii condition, we have, 

m*vr = nk. (4) 

Comparing (3) and (4), one getn the transcendental equation involving r in the 
form, 




(5) 


This equation may then be solved to obtain the impurity Bohr radius ajj as a 
function of doping. Consequently one obtains for carrier ionizationono rgy, 




%m*a^ 


l+Aoji ] 


( 6 ) 


TJio effect of carrier screening on the binding energy may also be incorporated 
by Hulthen’s potential described by, 


VuW'i - - e3Ep(-Ar) 


(7) 


The expressions for impurity Bohr radius and the ionization energy obtained by 
using (7) are, 

__ fe* 

and 

1 — exp( — Aun) 


Et 


m*e*A® L ] 

r 1 Aag 1 1 

L 2 J 


( 8 ) 


( 9 ) 


respectively. 
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Tho firat impurity Bohr radiurt and tho oloctron binding energy have boon 
computed as functions of doping concentrations employing Yukawa and Hulthon 
models. Tho roHults are sliown in figures 1 and 2. It, may bo noticed that tho 
impurity Bohr radiii>s first increases with increase in doping initil it suddenly 
blows up at tho delocalization cone. Tho nature of variation of carrier ioniza- 
tion energy with doping has also bmm found of the typt> deacribtxl by Pearson 
and Bardecm (1949) and latoi* by T)ol)yo and Conwt^ll (1954) on the basis of their 
experimental findings. 



Figure 1. Impurity Bohr rftdiiis fts a function of doping oonc, 



Figure % Electron binding energy ob 


function of doping cone. 
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3* Electronic density of states 

i»norgy upoctnim of carriorH in hoavily dopod specimen was obtained by 
Kane (19()3) and Bonch-Bruevich. (1966). Kane believed that due to the existouco 
of unusually large number of attractive impurit ies in certain regions of the crystal, 
l)f)und states are formed in tlie forbidden band due to the fluctuations in impurity 
density. Tlie dec^por a level exists, th.e lower is the probability of its formation. 
Th.us, the density of slates was shown to decline in a gaussian manner, within the 
band gap and to retain its usual parabolic form deep inside tlie band. The 
apiiroa li of Bonch-Bruevich is also similar to tliat of Kano’s but the former 
cmi)l<»ys Green's function t(K^hniquo to solve the problem. 

As l)()t]\ tliosi^ workers regarded tlie impurity contribution to the electrons’ 
potential mu^rgy to exceed tlieir average value, they both questioned the applica- 
bility of the perturbation theory at the band edge. It may, therefore, be remarked 
th.al tlu>3^ failed to appreciate tlie weakness of attraction between sewmed ions 
and the frix^ electrons. We just established in th.e earlier section that duo to large 
scale scKxming of ions by mobilt^ ok^ctrons, bound electron >states disappear above 
a particular concentration. Realizing the weakness of this cl(^ctron-ion inter- 
action Rf)y and George (1975) obtaiiuKl the energy spoctrum of carriers employ- 
ing perturbation th.cMiry. The corresponding density of staUvS function relative 
to Ih.e first order band edge h.as been obtain«l to bo, 

jm*E \ 

_\ ft® “8“ / 

/m*E^ 4 _ V 

\ ~ sl 



[( 


m*E 


8 


) 



2nm^^As^Ni lit 

/ IJ 


( 10 ) 


Wo I'.fivo also obtaiiKsl tliis function om ploying tho two band model (Tb.akur 1978) 
TIio rosult is, 


f>(E) 




SmfP'E 


(72 


i"6w2 | F g| 2 



X 



(/2-f 


1=5 


lem^l Fg|2 

n* 


I 


( 11 ) 


where, G stands for th,o average reciprocal lattice vector length and | Vg\, for 
half th.e energy gap of the semiconductor. Tho density of states function com- 
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puted for Te clopod GaA« (jbtainod 
figure 3. 


hy using (10) and (H) ij,as boon Khown in 



4. Fermi level 

Tills is Olio of t}\o most important parameters cUaractttnMzing a degoni^rato semi- 
eonductor. The SinnieondiKdor sp<^cimoi\ has boon taken to ])o dogonorato only 
v\^hon the Fermi level penetrates t]u» main ])and. Its estimation was difficult 
on the conventional tlioory because tlio ])an(l edges of degenerate semieonduetors. 
Were not sh.arp. Tins may bo ascertained by a number of theoretical approaclies. 
One, that is based upon the use of the uneertainty relation, utilizes tlie fact- that 
the maximum spread in the electron energy at a])Solnt(^ zero is tlio Fermi energy 
of the material. If the free electron concentration bo Ni, tlie minimum volitim^ 
acceSKSiblo to each electron will be 21 Nt where the factor 2 accounts for two 
possible spin orientations, lionets the maximum momentum unccriahity 
product is, 


{A2>r ^ 


WNi 

o 


or, 




( 12 ) 
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But, tho E—k relation of electrons in heavily doped semioonductorH as given by 
Roy and George (1975) is, 

^ __h^k^ 47TNiAs^ rri* 1 

‘ 2m* \NQ ‘ W ‘ (X^+iF) ^ ^ 


where E is measured with reference to the first order band edge. 
kp for k in (13), we have for the Fermi energy the expression, 


E 




ft* (BNi ] 

2''® 4T(As^Nim^ J 

r 1 1 

2m* \ Sw i 

' QAJVft* 1 


r) 


Substituting 


(14) 


But, the second order band edge has boon obtained to be, 
, ^ _ ^nAg^Nim* 

‘ ’ amm j 


(15) 


Thus, the Fermi energy as moa>sured from the new band edge reduces to, 

Epo = ^ fo4* I I 

4nA^sm*Ni 4nAs^m*Ni f 1 \ 

2m* \ stt / amm w+4(mis7Tf^^ f 

(16) 

On purely free electron approximation (as in metals) the Fermi level should ]\avo 
been given by the first term in (16). But due to higher doping (larger Ni), the 
third term is smaller than the second one, leading to a larger value of the Fermi 
energy than is expected on the metallic behaviour of the sample under considera- 
tion. 


Tho Fermi level Ep may also bo obtained from the relation , 

n^Nir^J p(E)f(E)dE (17) 

0 

where f(E) stands for the Fermi-Dirac distribution function. The transcendental 
equation (17) has been solved by the method of successive bisection to determine 
tho Fermi level position (Thakur 1978). To calculate this parameter at any 
arbitrary higher temperature, we have made use of the following expression 
(Ziman 1972) : 




(18) 
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found to obo, tho following ompuio.l”';”™ ’* 


Nieg = (7r»/2 


(19) 



whero (7 is a material dopondeiit constant. To test our results, wo have com- 
puted peak voltages of tunnel diodes and have plotted them alongside experi- 
mental values (Meyerhofer et al 1962) (figure 6). 

As long as tho Fermi level is below the band edge, the electrons in an w-type 
sample behave as free carriers and the presumptions of complete ionization is 
valid. But tho moment tho Fermi energy penetrates the main band, electrons 
occupying states below tho former are unable to take part in conduction process 
as freely as when they are above, it. This gives rise to an impression that the 
degree of ionization of donors has decreased. To be able to calculate the per- 
centage of ionization wo presume that carriers occupying states above the Fermi 
level are capable of taking part in conduction, while those below it are completely 
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immobilized. Tho density of electrons not taking part in conduction may then 
bo written as, 

Ep 

na^ J p(E)f(E)dE, (20) 

0 

Tho fraction ft of carriers ionized is then given by, 



0.1 Nc Nc 

IMPURITY CONCENTRATION IN TERMS OF NcQt300°K 


Figure 5. Fenui level ve, temperature. 

The figure 7 shows tho plot of fi as a function of Ni. 

Tho computed Fermi energy values may also bo used, amongst other things, 
to compute the diffusivity-mobility ratio in heavily doped semiconductors, which 
is known to rise with increase in doping. 



PEA>< VOLFAGE (mV) 


Properties of degenerate semiconductors 



impurity / 

Figure 6« Tunnel diode peak voltages vs. doping cone, 
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5. Effect of temperature 

Tho effect of temperature on the band edge may bo incorporated by conBidering 
the effect of thermal vibrations upon the Yukawa potential (eq. 2). Represent- 
ing the displacement of the impurity ion from its mean position by ui, the altered 
impurity potential may be written in the form, 

v{r') = v{r—ui) — v(r)—ui ( 21 ) 

or 

The electron Hamiltonian then modifies to, 

H = H^+v(r)-ui (22) 

where v(r) roprcesenta the correction to electron energy due to the presence of 

i^npurity atoms at the lattice sites and —ui takes into account the effect 

of ther;mal vibrations of ions. For the problem under consideration, wo examine 
only, 

-u, [^^-1 -^e-xr ] = Jff, (say) (23) 

This perturbing term causes a shift in the conduction band edge which when 
evaluated by opmploying Rayleigh-Schrodinger’s j)erturbation theory works out 
to be, 


„ _ _ 4m*7rAs^^ 




(24) 


where Uq is the a,mplitude of oscillation in tlvo g'-th mode. Making use of tlie 
classical expression for the energy of a simple harmonic oscillator, we write, 




MNwq^ 


where 

%q == {fi/q~\-\)%U)q 

is the average energy of the g-th mode and 


(25) 


(26) 




1 



exp 


-1 


( 27 ) 
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From (26) and (27), we get, 


699 


S I I * = 2 

9 « MNwq 


(28) 


Smco the total numlwr of modea ig gJV and the fraction of modes 
in tho raoigo botwo^m oj and oi-\-dai is, 


with frc^quoncy 


Z)(a,)da) = da>. 


(29) 


Wo maly now rewrite equation (28) as. 




“f® f 1 _ , 1 1 fe3a>2da> 

NM i Lr6“/<%>7’-l 2 j ^c;,:«,x)S 


Putting Z =- ^ " , we got, 


whore 


2ir/,r 





(30) 


(31) 


(32) 


and d is the Dehyo temperature related to tho Debye frequency ton through 
d — ^?-D- Now, combining (24) and (31 ), wo get, 

Kq 


E^i = Ecd = 


2iM^iiAs^NiTH 
rtsT nfh laa 


(33) 


The contribution of tho host lattice to tho temperature coefficient of energy 
gaps may also bo obtained by assnining that tho olwtron-phonon interaction 
changes tho structure factor of the crystal. Wo express tho Fomier transform 
of the crystal potential hvair—l) by, 


Vo = Se-e«i J e-’Orj,^{r)d»r = SaVa(0) 

I 


(34) 


where 


VaiO) = o ^ e-<Orva{r)dh' 


(36) 
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and 


So = 4 ^ 

N I 

At a finite temperature, 

Ri l+ui = l+'Z[Uge^-> f+Ug*e-‘<i i'] 


( 36 ) 


(37) 


so, 


Sc = 4 ^ exp(-i(?.0 n e3Ep[-»G.{C7je'« *+t^a*e-'»-»}l 

iV I q 

~n[l-lG<.t7,|2J = oxp(-2Tr). (38) 

Q 

Combining (34) and (38), we find, 

Va(T) = F„(0) exp[-2iF(G. T)\. (39) 

This equation indicates tli,at the effect of temperature may bo incorporatcni 
through the Debye-Wallor factor exp(— 2fF) which upon simplification may 
be rewritten as. 


c-*«' = oxpr-S|(7;17,l*1. 
« 


(40) 


Combining (31) and (40), Wo got, 


(41) 


Since t!he Debye-Waller factor er^\— 1—2 IF] is not very different from unity, 
We may express Eg as. 


^g{^) — — ■®l(^) — ^00 — 


MkoO^ 


(42) 


At higlior temperatures the upper limit of / is small and it gives I ~ OjT. 
Therefore, 


Eci{T) - 

high T 


^m^nAs^NtT 

ilNXMkgO^ 


Ei[T) 
high T 


m^^EggT 
Mkgd^ ~ 


and 
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Numorifnl Oq, tlio intoffral I cannot 1)0 ovalnatocl analyt-ioallv. 

Numorxcal nxothods arc tL.on .nnployxKl to oKt imaU, its vahxo Wo noto that oxving 

to tho zoro-point energy of tlxo lattice, , at lower ie.,)porat,.roH. So, 


Eca -- - 

ilNMICaM 

and 

Ei = _ 

T^) 4Mk^0 


(45) 


(46) 


The resnita of our calcnlatioiia of (] ■' t<*iii])oratnr<! cocflfioienl of energy gap, s Ivavo 
been given in table 1 . 


Table 1. Calculation ol tomporatiiro pradient of conduction band cdpo for 
dogenoraio aeraicond iict.orH . 


intrinsic dEijdT in ov/K x 10““* 

conductorw Expt.^«^ Theory 

(equation 44) 

impurity contribution 
- dEcajdT in ov/K X lO-"* 

(equation 43) 

8i 

-4-4 

-5-83 

-0-61 

Go 

-4-0 

—401 

-0-20 

GaSb 

-3-6 

-6-3.3 

-0-105 

InAs 

-3-5 

-3-37 

-0-002 

InSb 

-2-7 

-107 

-003 


(a) N B Ilaiinay 1959 Semiconductors p 461 Koinhold Bublibhiiig Corporation, 
New York. 


6. ECTect of pressure 

An incr(^aa(^ in tho apjiliod proHf-niro producoy a* (^hango in tlto intornal onorgy ol 
tho crystal in accordianc<^ witli Orunoisoirs (192()) relation, 



whoro F is tho vohimo of tlu^ crystal an<l y is known as Grunoison’s constant. 
Since the tltormal (energy ol' th.o (crystal manifosts itself in tho form of lattici^ 
vibrations, it is quite natural to pro’sumo that the prossiiro is also equally (capable 
of inducing its owi\ component of lattic<^ vibrations. Denoting the consequent 
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lattice diaplacemeiit by «i', the perturbing term to the crystal Hamiltonian may 
then be written as, 


-u,' = _u,' [ c-*r+-l!k- e-*r 1. 

dr L J 


(48) 


The second order energy correction due to this perturbing term is given by, 


= I'- 


(49) 


But from Gmnoisen’s expression, 

, _ VfiB, _ I <W \ 

c,: ■■ I du /, 


(60) 


where yff = coefficient of volume, expansion, B, = SLcliabatic bulk modulus, and 
Cp = molecular specific heat at constant pressure. Therefore, from (47), we get. 


H'tSg q 


(51) 


where Cp is the specific heat at constant pressure and Uq corresponds to tlie 
amplitude of oscillation in the j-th mode. Denoting the mean squa-rod frequency 
by © 2 ^ obtain from (51), 


o2Sir7«'|*==:^| 

q pH, 


Combining (49) and (62), and taking 0* — l/Stoo*, we get, 

dBctf _ 20m*ffj4»*CpiVi 
' dP QlVA/?B,fc„W 


(52) 


(63) 


The contribution by the host lattice on the intrinsic band edge may then be 

computed in a manner discussed in th<' earlier section . Substituting for S | TJq | ® 

e 

from (62) in (40), we get, 


W — 


(64) 


The pressure dependence of the intrinsic band edge may, therefore, be expressed 
as. 


Eg{P) •== B,oexp(— 2pr) 



1 . 0 ., 
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E„(P) = 


(56) 


Substituting again for O* =- ljr><oo^, wo iinally got, 


EeiP) - Eg^~ 




(66) 


The table 2 suramarizea the rosulte of out- oaloulaiioiw of proasuro gratlioiits of 
eneorgy gaps. 


Table 2. Calculation of {pressure gradient of conduction band edge for 
dogenorato semiconductors. 


intrinsic dEifdP in cv/barx 10- 

Semi- — — 

conductors Expi.^*»> Theory 

(equation 66) 

® impurity contribution 
- dEcdIdP in ev/bur x lO”’ 
for NijR =- 1/100 
(equation 63) 

Ge 

- 14-2 

-12*2 

-0*392 

GaAs 

~10‘7-- 

-.11-7 -10*48 

-0*138 

InP 

~ 8-6 

-11*6 

-0*142 

InAs 

9*6 

- 3 16 

-0187 


(6) Y F Tsay and S S Mitra 1974 Phys. Rev. BIO 1476 


7. Conclusions 

Wo noti(?cKl that tho bound olfH^tronic atatos iiiti'odiu;od by subnlitutional iniimrity 
atoms gradually losi^ tiioir binding strongtlis ^vith inm^asod doping duo to largo 
Scale acrooniiig of impurity ions by mobile carriers. Tlu^ iminirity coiicontra- 
tion at which carriers boc^ome totally frw> is known as tlu^ delocalization (con- 
centration and this phoriomonon lias boon roforn^d to as tlio Mott transition 
in somicoiiduotors. Random distr ibution of impurity contn^s in tho semiconduc- 
tor was previously boliovod to load to Gaussian or oxponontial tails ul tho density 
of atatt^s function into tlio gap, owing to tho formation of tho so-called impurity 
bands. By establisliing tho fact that bound electronic states disappear in tlie 
heavily doped aomiconductor, irrespootive of tho distribution of impurity centres 
within tho speoinion, we have shown that tho impurity bands cannot bo formed, 
aa previously boliovod. Howovor, those ar^nients are only applicable to 
shallow impurity states. The concept of impurity bands for deep level impurities 
continues to on joy its usual significance. As tho carrier energy in the heavy 
doping caao is only slightly perturbed duo to tho introduction of impurity centres. 
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w<* havci also ro-ostabILshod tho applicability of tlu> perturbation theory in des- 
cribing tlu> beliaviour of carriers in such samples. Two l>and model has also 
boon used for the computation of the density of states function as the perturba- 
tion tlieory is only able to predict, the effect of doping only on the majority 
carrier band edge. The former treatment clearly shows that tho doping affects 
the minority carru'r band edge also. Tlie Fermi level in degenerate semiconduc- 
tors, which was difficult to oojjceive iipon conventional theory, has boon computed 
by using unc(n-tainty relations and by direct integration method. Our results 
have been checkwl by computing the tunnel diode iK>ak voltages and comparing 
them with oxpiwimental results. A reasonably good agreement has been noticed. 
The partial ionization of carruws has also been computed by taking the exact 
form of the density of states function and assuming that carriers only above the 
Fermi energy take part in conduction. The effects of teiuiJoraturo and pressure 
on tlie band edges have also been coiuimted. 
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Relaxation spectrum of deformed (A1 + 21 % Zn) alloy 
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Abstract. Annealing of doformtd Al-21% Zn was studied in the tomperaturo 
range from room tomperaturo upio 823 K. Tho results showed the existoiico 
of foul* annealing stages viz., lecovory, polygonization, rocrystalHzation and 
formation of AI 3 F 0 precipitates; as in the case of annealing of pure Al. The 
addition of zinc lowered the temperature range, as well as decreased tho activa- 
tion energy of the recovery, polygonization, and rocrystallization stages. 
This was attributed to the easy ainc binding with annealed defects. 


1, Introduction 

In a provioiis work, Attia and Saadalaii (19t)6) studk^l tlu^ isoc5}\rf)nal annoaling 
spectrum of doformc^d aluminiuni in the teinix^raturo range iroiu room tonipt>ra- 
ture to 500°C, and found tliat it iri conaiuUxl of four stagos of diffoiont charac- 

ioristicH. 

Tho presont invositigation iH an attompt to oxtond tJiat work, to throw soino 
light on tho offoct of a<idiiig zinc (in solid .solution) on tho ajinoaling spoctruin 
of Al. In particular to clarify tho mfluonco and interaction oi solute zme atoms 

on annealed lattice defects. 

This study is found worthwldlo since most of th.e previous work (Kelly et al 
1963, Fabian ci al 1974) on Al-Zii alloys wore focussed on ageing reactions and 

pre-procipitation . 

2 . E*perimental work and results 

The allov used was prepared from pure A! and Zn. in a specially designoci fur- 
^ of i»6* ...wo-l iu. .onU.»,d 

300-C tor t»u Uour. T,»n «,o s.n.p.. 
wo doforn^d to 60 % nduction in «'«. by *“*"'* di’3tor''M ci», 

- — “-rr:::rrr : 
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To iiivostigato tho ralaxtion spooirum of the deformed alloy, room tempera- 
ture rums of automatic stress-strain curves, at constant strain rate (10 mm. /min) 
were traced for wires annealed isochronally. Tlu) deformed wires were given 
heat pulses for 5 min. At temperature successively increasing in steps of 26*^0. 
From the stress-strain curves the change in, ultimate ttmKsile stress (U.T.S.) limit 
of proportionality (L.P.), 0 - 2 % proof stress (0-2% P.S.) and tho maximum 
elongation % (Max. Elong.%) wore calculated. Also the V.H.N. was measured 
for polisliod rods ander tho same atinealing conditions. 

Typical sets of curves relating the variations of tlio above properties with 
isochrone tcnuperatuies for annealing time of 5 min. are sliown in figure 1. It 



Figure 1. Isochronal annealing curves for Al~21% Zn samples deformed 
to 50% reduction in area and annealed for 5 minutes at temperatures increasing 
in stops of 26°C. 
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iH clear that, there exists four aimealiiig siagtvs in tho teinj)oraiur(' ranges; 
25^-125^0, 125'^~275"C, 275^~400"(; and ahovi, mrC resiKx^tively. The first 
and second annealing stag<^s were i>r<\sont(xl as p(^akK in IT.T.S., L.P.. 0-2% P.8, 
and the V.H.N., the third annealing stage was oharacU^riztxl hy an enormous 
increase in tho Max. Elong.%, wh.ile a drop oeexirrixl in tlie otlier ealculaUxl 
proi)erties. Th.e fourili stag<^ of annealing apjx>arcxl as a drop in all projK^rties. 

For the sake of comparison and to facilitate tlie analysis, t)\e different 
relaxation )Stages Avere furthei* studied by isoch.ronal annealing iising different 
annealing times at similar iiu*.reasing tempc>ratures. When the stage taking 
place at high temperatures was to })e Ktu<lkxl, tho defer nuxl specimens W(^re 
given isochrone pre-anneals for 5 min. at the tempcu-ature houndary between 
any two stages. Th.is treatment was brntid exj)erimentally sufficient to (ilmunale 
the fraction of tlu^ properties change annealed out in th(^ forc^going stage with 
out causing any change in the coming one. Figure 2, shows typical sots o 
normalizcxl annealing curA^c^s for th.e different propc^rticvs (udculated. Tt js dt^ai 
from this figure th.at tliere is a shift in th.e pi^ak t 4 miiAeraturcs with annealing time. 
From this sliifting the cmergy activating each stage could be calculated by 
tuat U» «,„« b> otorvo a at ratali.... » 

oxi>(ElkT), wluno E is tlvo onorgy activating particlo; h, is Boltzmanns 
constant, and T, is tho absolute toinporaturo. 

Figure shows activation onorgios for the different isochrrmo stay, 
properties. From tl.is figure tb.e activation energy calculated ceiTO-imndnife .o 
!lu, Lr aanaalmg HUg,.K to 1., a Ji, a 70, 1 10 a.«l 2t«> oV 


3. DigeuSBion 

It is generally accepted 

atoms, vacancies and dislo(!ations. On anne . » 

on reaching sufficient thermal energy. 

3.1. First annealing stage 

. ,T. » 1 . «» ni iQfill th.at vacancies migrate by 

It is generally accepted < pairs distributed randomly 

annealing and trap zinc atoms or ^ g migraUi to dislocations, 

in the matrix. These pairs are ren e observed increase 

pin them (Maddin ct 1055, Rwbard reported 

in the properties at the ^ ^ of vacancy -Zinc migration 

activation enen^, l e., 0-4.J oV, wmeu 
in Al-Zn alloys (Fabian ei al 1974). 

Aprt w th«. «oc.iio» toiitta 


exist 


Vpart from thaso dislocation oc ' . ^ glide or climb, 

Lcatlon ttot Wm. f™ « 
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0 10 20 30 40 50 xio 

Annealing Temperature (C) 


I 


Typical sets of nonnalized isochronal curves for Al->21 % Zn deformed to 50% reduction in area and annealed for 6 , 10, 30 and 60 minutes. 
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The mobility of those segments will U aasociatod with some 
meolmmsxns canaing decrease in the proiK^rties at the end of this 


rearrangement 

stage. 



1000 /T ('K') — ► 

Figure 3. Typical sots of curves showing times and temperatures to calculate 
energies activating the four annealing stages, taken from figure 2. 


3.2. Second annealing stage 

It might be assumed that dissociation of vacancy-zinc pairs (Ceresara et al 
1966), to valiancy and zinc atoms would take place. The zinc atoms will have 
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enougli onergy to form aggregates around dislocations and provide another 
iiupedanoo to dislocation motion (Smallman 1970). Duo to this there is rise in 
the sami)Je hardness and properties in this stage. 

Migration of liberated vacancies will enable dislocations to climb. Recovery 
in this stage might be thus inferred to dislocation rearrangement in the form of 
polygonization and formation of sub-boundary (Fujita 1969). This is confirmed 
by the calculated activation eeiiergy (;2;0*79 eV) which agrcx)S with that pre- 
viously (Matuki et al 1973) for subgrain boundary diffusion in Al-Zn alloy. 

3.3. Third annealing stage 

Sub-boundaries formed in the second annealing stage, on further annealing 
will migrate by self-diffusion leading to recrystallization and grain growth. This 
is achieved because of, 

(A) observed decrease in hardness and enormous increase in ductility. 

(B) the activation energy calculated, i.e., 1*1 oV, which agrees with that 
calculated previously for self-diffusion in Al-Zn alloys (Hilliard et al 
1959, Kelly et al 1963). 

(C) the microstrU(!ture shown in figure 4 for sample annealed in this stage. 

3.4. Fourth annealing stage 

This stage is characterized by the growth of precipitates of globular shape 
(figure 5). It is similar to those previously reported by AhZn containing iron 
as impurity (Greaves et al 1971). 

These precipitates might be AI3F0, since there exists iron impurity in the 
used alloy (0*25% Fe), as well as the temperature energy of this stage is quiet 
equal to that needed for the formation of Fe AI3 precipitates (Donnelly et al 1964). 
The activation energy required for such precipitates formation Was 2*0 eV which 
agrees with that quoted for its formation (Attia et al 1967). 
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Abstract. Growth of the crystals of barium tungstate and’strontium tungstate 
by using modified gel technique has been described. Microtopographical in- 
vestigations on the grown crystals have been made to reveal growth mechanism. 
The experiments on growth help one to safely distinguish experimental condi- 
tions conductive to the growth of spherulites on the one hand and perfect single 
crystals on the other. In order to obtain better and purer products one has 
necessirily to do away with the impurities of the gel solution and to use rela- 
tively greater concentrations of anions than that of cations. 

1. Introduction 

In ideal crystal growth theories, simplifying assumptions are made about the 
state of the medium from which crystals form although no account is taken of 
the medium at all in respect of non-polar crystals (Sh,oftal 1958). The multi- 
tudinous effects of the medium are mostly studied by experiment. Change of 
the medium has botm knoTOi to bring about fantastic chaaiges in the morphology 
which is characteristic of all crystals (Doromus ei al 1968, Fisher 1954). Some 
crystals grow as whiskers, dendrites and spherulites. Whisker and dendritic 
growth invariably occurs in metals and alloys, whereas cellular and spherulitic 
growth is encountered with some inorganic materials and is a frequent feature of 
organic polymers (Strickland- Constable 1968). Such features are generally 
found to have been grown under conditions of high value of entropy and large 
supersaturation (Laudiso 1970). TJiey are typical and anomalous types of growth 
and a satisfactory elucidation of the factors wluch govern and control them is 
one of the difficult problems in the theory of crystal growth. Their growth 
mechanism has not been sufficiently understood because of the experimental 
difficulties, to a considerable extent, in the detection and investigation of the 
structure of small nuclei from which they develop. Work is, therefore, needed 
to characterize their microtopographical development, and the present pajier 
is an attempt to do the same. 

2. Experimental t Crystallisation apparatus and growth procednres 

Gel technique, as modified by Patol et al (1972, 1973) has been successfully 
employed for growing good quality single crystals of BaS 04 , SrSO^, BaWOi, 
612 
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S1WO4, KCIO4, otc. in tills laboratory. Tlio doulilo tubo sysUtm usod for crystal 
growth hOiS tho additional advaniago of providing groator latoral diffusion of 
Impurity ions too in the? gol volumo. [t may bo m<mtionod Uvat i‘or growing 
BaW04/SrW04 crystals, BDH Aualar grade choiuioals of BaCL/SrCla, 
and aeotic acid wore used. 

Tho as-availablo commercial grade sodium .silicate was di>ssolv<Mi in double 
distilled watis* to give a resulting sj^XH-ilic gravity of 1 *05 to wldcli was then addixl 
2M acetic acid nocos.sary to olitain n^sultant solution of 7*5 value. NagWO^ 
solution was then p()ure<l in tlu? vc^dioally hold iulx^ and aqueous solution of 
BaCl2/SrCl2 (as the case may lie, for growing crystals of BaW()4/SrW04) was 
placed dvor the sid gol in tlio crystallisation Iieaki^r wliiie using tlie single tube 
systcun. On tlui other hand, these two solutions vvmx? sepaiately introduciixl 
in the t\\'o verticuxl tubo.s and some amotint of 'distilled wati«’ was plac(*.d above 
tho sot gol w]\ikj employing tl\e double tube system. 

Tho crystals wore found to have grown in th,e tube as well as in tlu^ boakor 
as sl\own in figure 1. Evidently, tlu^ nucloation density is tremendously largo. 
(Crystals were photograplied after harvesting tliom out Irom tJie beaker and are 
shown in figure 2 (BaWOj) and figure 3 (vSriW04). Thest? tlmH> dimensional 
spherulitic crystals’ witli a few tree-leaf like ones woi’e ol tlie average size of 
3 mm. acroSiS. Growth exiiorimonts were carried out botwtxm 20°-40°C by 
placing tho crystallization beaker in a toluone-rogulatod water bath wherein 
the tompiu*aturo could be ('.outrolled within di(h5°C. but no change in size, quality 
or morphology of tho crystals was noticwl. Influen(!0 of gel pH and of the change 
iti concentration of nutrionts has already botm studitni (Arora 1973). It was 
found that a relatively larger concentration of tungstate ions (employing M/2 
or more of Na^W04 solution) and relatively lower cation (concentration (employing 
M/10 or loss of BaCl^/SrCla solution) could favour tlxo growth of more perfect 
or optically trans]()aront crystals. In figures 2 and ' 3, clearer crystals wore 
obtained with higher W04-2^ ion concentration and opaque ones vdth higher 
1Ba+2/Sr+^ ion concentration. * ' , 


3, Observation and Discussion 

Attention may'be'diftwn to the fact that all tho crystals displayed in 
2 and 3 are ndt ^ood single crystals but for tho loaf-shapod ones. So far as tho 
mechanism by FWchXtoy grow is concerned, it may ho rioted that layer mochaniam 
seems appUcabW. ‘ lliis i& ‘favourably supported by and eviilencod to « 
where two dimeneioriarpiliii^ And spreading of growth layers, which were initiated 
at the edges, can be observed. ^ \ 

In gennr.1. th« !..*« lorf-.h.p«l .nd .bo th., ..ptonHUc .»» jhich 

^ by «Bing gro.W molirity, of Brf^USrCl. solution tl«n th.t of Na,W0. 
SlutJwa. .bL.l«.W.too.t OPI.IUO in .pp«f»n». On «» o<b» b«d, 
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the smaller ones which grew by using greater molarity of Na^WO^ solution than 
tliat of BaCl 2 /SrCl 2 solution woro comparatively translucent to transparent. 
Figures 6 and 6 are the micirophotograph>s of a large spherulite and a small one 
respectively. It can be seen that the smaller, more translucent spherulite 
(figure 6) consists of single crystalline fibres radiating from a heterogeneous 
extended source whereas only some inner portion of the larger spherulite (figure 5) 
exhibits that kind of feature; the outer half of these nearly opaque sphorulitos 
appears to have been grown by concentric banding and agglomeration process. 
Figure 7 is a similar picture of a nearly translucent spherulite, as observed 
botwtKui cross<Hl polarisers, Avhich seems to have grown by concentric banding 
of crystalline needles radiating from a central point source. The fact, however, 
is that all those sphorulitos are spherically symmetrical aggregates of single 
crystals. 

Wo have boon sure tliat the sphoruliU^s are not due to faster precipitation 
or attainment of rapid supersaturation because they were formed with very 
dilute nutrients too; they simply became more transparent with loss concentrated 
solutions. The authors are inclined, therefore, to support Slmbnikov’s (1957) 
view that Eg < Ek for their formation from a group of nuclei localised at a i)oint, 
where E^ is the surface energy of a sphentlite and JP* is the total energy of a 
crystal. 

With a view to ascertaining the cause of origin and development of the 
sphorulites, the purity of the mother liquor, that is, the as-available commercial 
grade solution of sodium meta-silicate, was suspected first. It was thought that 
spheruliiic formation arises, as in the case of some igneous rocks (Bowen 1956), 
due to certain impurities. In order to minimize tho suspended inherent impuri- 
ties, such as Na, K, Si, etc. present in gel solution, decantation follow^ed by 
high speed centrifugation was done and then tho pure sodium meta-silicate 
solution thus obtained was treated, as usual, for obtaining appropriate density 
and pH values, etc., and thence for crystal growing. It is interesting to note that 
the ‘pure’ gel solution of sptMjific gravity 1-05 and pH 7*5 produced perfect single 
crystals; a few of them are displayed in figure 8 (B^WO^), It may bo mentioned 
that since tho crystals grow in a relatively strain-free environment, the density 
of dislocations in these gel-grown crystals as reported already (Patel and Arora 
1977) was remarkably low; tho few dislocations were created only accidently. 

It logically follows that the abnormal growths, such as spheri lites, can be 
prevented in gels by removing the fine suspended impurities of sodium meta- 
ailioato solution. It may be worth-while to note here that filtration was always 
avoided because using oven micro-pore filter papers certain additional tuiwanted 
impurities got introduced in the gel solution. 

To confirm tho above conception further, some quantity of aqueous solution 
of CaCl^ and/or KCl/NaCl was deliberately trickled down along with the aqueous 
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Figure 1. The.' C-rystalli/Jit luji I uMihe'r having an cxccc'dingJy largn nuinlior 
of iiiKjloatioti vt‘ntr«'? in sodimn incUi Hh<'at(‘ goJ. 



Figure 2. Crystals of liaWO* obtained in impure gel. Scale in nun 


S K Aroba & K Sanqwal 


Itid. J. Phys Vol. 63A No. 6 1979 



Figuie 7. Clear HaVVO^ sphemlito between er<)s^(»d polariseis as of)S('ived 
uudor a Polarising Microscope, x 410 


f- 




; S' ^ 

• » » # r 




Figure 8. {Single crystals of 13aW04 grown in pure geb {Scale in umi. 



SphruliUc growth, of BaWO, SrtTO. in geb 

disturbed) and it was found that 
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was not 


-ii,-]. V 1 inskiail of pwfoot 

Z a indicates beyond 

bt great contribution ol impuriticR in tho gel itself to the development of 

MQftT I’™ 8’’'>w hs. This matches well with the view of Palatnik and Kosevich 
(1967) that dust partieles might cauw^ spherulitii! growth. 

4. Conclusions 


1. Crystal growth in gels procecsls t)y two dimen.sional piling and spreading of 
growth layers arisen from some crystal wlges and corners. 

2. Relatively groaU.r concentration of WO^-^ ions produces clearer spheniliies 
wliilo greater Ba'^/Sr'^ ion coiKH'iitration produces opaque sphernlitos. 

3. Certain impurities present iiih.erentl^ in soilium meta-silicate have InHin held 
roaponsiblo for tlio j^pliorulitic gonor«lfcioj). 

4. Gol growtli oxpotiTUonts can bo condtictiHl wJiich produce dondritos or spheru- 
litoiS on t)u? one hand an<l porfoet Hinglo cryHtals on tho other. 
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Alkali hydride molecules and their properties 
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Abstract : In the present paper, we discuss the applicability of two new 
potential energy functions for evaluating the bulk properties of alkali hydride 
moloouloH. The properties discussed are rotational constant (ae), anhor- 
monicity constant {(jaeXe) and binding energy (D<). Certain features of the 
repulsive term associated with the potential functions have been discussed. 
The riddle of universal potential energy function has also been discussed in 
connection with LiH molecule. 


1* Introductioii 

Tn view of tlie conaidorabli^ importarujo of tlio orapiri(;al potontial oiiorgy finic- 
tion.s in ropmsonting th,o tnio pote ntial onorgy curves of various diatomic mole- 
cules, a knowledge of intornuclear potential curves is of fundamental importaiute. 
The importance lies in a wide variety of fields ranging from gas kinetics to stellar 
structure. In particular the recent increased interest in astropliysical problems 
has empha>sised the ikhmI for acemrato potential curves goveining the interJKtioii 
of two atoms in either ground or oxoit^Kl states. 

The aim of th(^ present paper is two fold. First is to suggest a luuv rc»pulsive 
term and secondly to di^scuss tlie importance of the proposecl repulsivt> term in 
the potential energy function for alkali hydride mokMiules. This is particularly 
helpful as the dominant contribution to polential energy function comes from 
the Coulomb and repulsive part only. In the ligb.t of lack of I’eliable polariza- 
bility values of H ion and also of tlxe foebloness of the Van dor Waals constant 
for alkali hydride molecules, we have avokied t])o inclusion of those forces in the 
potiontial to save the reliability of the function. These facts have hoon demons- 
trated and diHcus‘=k)d in connection with Riltnor potential (Varshni and Shukla 
1963). 

Other authois (Das and Saxena 1970, Dass and Kachhava 1977) too 1 ave 
emphasised this fact and l\avo thus avoided tlio inclusion of those forces. 

2* Evaluation of oce^ togXe and D# 

For the present investigation wo consider two potential functions both containing 
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tho Coulomb and tho ropulaivo toms only. Jn gonoral tho potential tmorgy 
function may be written as 

V{y) ^ -t+V{y), Jl) 

where the first term on the right hand side roprosonts tho Coulombion and tho 
second ttwm the ropulsivo forcos. In tliis i)apor wo discuss tho following forms 


for tho ropimlive part ; 


r" 

(2) 

i'(') - 'f “a!.?.- ’ 

(3) 


Tho two unknown paramotors C and y in (2) and A and b in (.1) can bo easily 
evaluated using tho foU<»wing conditions of oquilibrinm (H(wzborg 1956) ; 



T»ble 1. Various vaU.os of a,, and D, for difforc-iit alkali hydrklo moloculos calculated 

from potential (1) with repulsive part (2) 


Molecules 

Of (cm' 

*) 


We^Te (cm 



D, (Kcal/Molo) 


Expori- 

mental 

Calcu- 

lated 

Porceii- 

tape 

error 

Expori- 

mi'iital 

Calcu- 

lated 

Porcen- 

tago 

error 

Export - 
niontal 

Calcu- 

lated 

Porcoiv 

tago 

error 

LiH 

0-2132 

01056 

- 8-27 ' 

23-20 

18-530 

— 20-12 

166-1 

162 36 

-7-71 

NaH 

01363 

01 082 

-20-02 

lS-58 

14 120 

-28-39 

160-3 

i40 

136-66 

-9-81 

KH 

OOKl 

0*0711 

— 13-43 

16*23 

16-668 

-18-47 

127-2 

4:3-6 

117-98 

-7-24 

RbH 

0072 

0*0086 

-16*48 

14-44 

11*134 

-21-64 

119-6 

±4-6 

113-21 

-6-33 

CsH 

0067 

00638 

- 6*46 

13-70 

10-638 

-16-82 

116-4 

±6-4 

108-46 

-C-01 

Average 

peroentage 

error 


12-63 



21-08 



7.22 
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where kg is the force constant. 

Utilizing the well-knowm relations obtained by Varshni (1957), the values 
of ae, coe^e ^nd Di b.ave been computed for various alkali hydride molecules. 
Those values an^ listed in Table 1 and Table 2. The various experimental data 
used have been taken from Gray (1972). 


Table 2« Various values of and for different alkali hydride mole 

cules calculated from potential (1) with repulsive part (3) 


Molecules 

c^g (om-^) 


(Oe^e (cm" 


Di (Koal/mole) 

Calculat- 

ed 

Percent- 
age error 

Calculat- 

ed 

Percent- 
age error 

Calculat- 

ed 

Percent- 
age error 

LiH 

0*2683 

26*88 

26*211 

8*66 

144*66 

— 12*38 

NaH 

0*1368 

1*16 

16*700 

— 16*31 

132*34 

-11*94 

KH 

0*0834 

-3*01 

12*716 

-11*07 

116*33 

- 8*64 

RbH 

0*0709 

-1*46 

11*865 

-16*67 

111*90 

- 6*43 

CsH 

0*0618 

8*47 

11*134 

-12*94 

107*39 

- 6*93 

Average 

percentage 

error 

7*99 


12*91 


9*24 


3. Discussion 

Out of tli(^ two potential func^tions considercvl hero, the P.E. function with repulsive 
part (3) is found to Ixi highly satisfactory. The increase in the power of in tlie 
denominator of the repulsive term l\as reduced tb.e average pc^rcentage errors for 
Ue and WifXVe hy 4*54 and 8* 12 re»spiwtively. It is worth mentioning here that a 
further increase in the power of y in the denominator of the repulsive term will 
only deteriorate the results. Hence the applicability of a repulsive term like 
(oxp( — kr^)lr^) when n S may bo safely ruled out. 

Thus the present study clearly indicates the important part that the repulsive 
term plays on the form of the potential function for better reproduction of various 
properties. It also paves the way for further exploration of a still better form 
of the repulsive term within the limitations discuas^^Kl liere. This may pay rich 
dividends particularly in connection with alkali hydride molecules as the experi- 
mental data available for these molecules are mea^o. 

The question of obtaining a universal potential energy function has been 
discussed by Fallon et al (1960a, b), Singh and Jain (1962). We now discuss 
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the suitability of potential with repulsive hs-ni (2) as a universal pohuitial func- 
tion for the LiH molecule. 

Now putting 

C = oxp(yy/)y,e*^/2(yy. + l) 

in equation (1) with K(» ) taken from equation (2), we get 


my) 

r 


. 1 

2(?/y«+i) 


(^) 


( 4 ) 


1 urthor aiibatitutioii of appropriato vijiios of e, y and in (4) yiolds 


f/(y) ^ [ _ H- ] .,,16 ] +(53287) (5) 

whoro U{y) is in ciu~^ and y in A. Tho sonond torin in (5) iias bwn inolndod to 
shift tho P.E. curvo so as to concido it witli tho corrosponding oxporimouial curvo 
at y = ye. 

Figure 1 compares tho potential energy curves obtained by Fallon et al 
(196()a, b) and that obtaiiuKl by equation (5). Tb,o agreement between tho two 
curves is satisfactory. 
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Abstract.. Nickel concentration dependence dato. cl' Golding vi cil lu the 
shear elastic constants of Au-Hi alloys are analysed using the pseudo-fiotential 
approach. Depending on the increase of tht‘ nickel content, m the alloys, 
the band -structure energy contributions increase for both the shear elastic 
constants C' and C. It is found that the contributions to C' and (J in thi^ 
dilute Au-Ni alloys from the gold-gold lon-coro repulsive interactions and the 
band -structure effects are of equal magnitudes. 


1. Introdaction 

Tho con8fcaTit.s of tho Hiiiglo crystal gold-niokol alloyn for difforcnl nickol 

concentrations l\avo bwn mtnuimMl by Golding vt al (J9()7) iiHing the ultraaoniti 
pulso-Suporpoaitioii inetliod. Tiu>y observed tJiat tl\i^ slu^ar elastic (jonatants 
C' and C incroas<> linearly with nickel cont^entration wh.en tho concentration ia 
low, and non-linearly when t)\e concentration of nickel ia h.igh, and analyacnl 
these features of th(» experimental reaidts in terms of Fucha model (Fuchs 103b)- 
In th.o Au-Ni alloys it is exjxxded that tlie ion-coni ropiilHive interaction will 
make larger contribution to the olast.k^ constants as compart>d to tho oloctfostatic 
contribution, because tho atomic sizes of Au and Ni ar(^ significantly different 
as revealed by tJ\e X-ray studios (Flinii al 19b3). The above aualyaia corro- 
borated these ideas, and achieved a good fit not only with the experimental 
data in the elastic constants, but also with tho trends of varialion of tlio onthalphy 
and tho entropy of mixing with the alloy composition. However, tho contribu- 
tions to the above proi>ertios from th,o band-structure effects could not be evalua- 
twi in their analysis. Tho band-structure contributions ac(*.ouiit for the offoctn 
of the oojiduction electrons and in fact, their magnitudes may very well bo 
comparable to the electrostatic contributions. 

It is now possible to calculate tho electrostatic, ih.e band-structun*. and 
tho ion-core repulsive contributions to tho elastic constants of tlio simple metals 
(Suzuki et al 1968, Thomas 1973, Soma and Hiki 1974) using tlio psoudopoiontial 
formalism (Harrison 1966). Also it has recently been indicated by Cain (1976) 

♦On deputation from Chittagong College, Chittagong, Bangladesh. 

621 


8 



622 


B P Barua and S K 8inha 


how these calculations can bo extended to analyse the elastic constants of dilute 
alloys like Cu-Al. In this paper wo present a similar analysis of the elastic 
constants of the dilute Au-Ni alloys when the nickel concentration is low. In 
section 2, the calculations and results are presented and in section 3 the results 
are discussed. 

2. Calculations and Results 

Following Cain (1976) we first calculate the contributions of different energy 
effects to the shear elastic constants in pui*e gold. Wo then extend the results 
to include the effects of Ni concentration in dilute Au-Ni alloys. In the pseudo- 
potential theory the total energy of a noble metal at T = 0®K can be written 
as the sum of four energy terms (Moriarty 1972) : 


E — Ef^-^Ees~\~^bB~\~E!oi (!•) 

whore E/e is the free electron energy, Ee$ is the electrostatic (or Ewald) energy, 
Ebs is the band-structure energy and Eoi is the exchange energy betw(x>n the ion 
cores. These energies can be written in xwametric form such tl\at the E/e con- 
tains one adjustable parameter, Ebs contains two parameters for the Harrison 
model (Cohen and Heine 1970) and Eob contains two parameters if the Born- 
Mayer form is assumed. The Fuchs second-order shear elastic constants C' and 
C can be defined in terms of the total energy of the crystal as 


^ d^E 
4 


and 


4 dy^ 


where e and y are the two volumo-const)rving shear defined by Tl\,oma»s (1973). 
Tile usual forma (Thomas 1973) of E/e, Ees, EJbs and Eoi are chosen in this calcula- 
tion. The free electron energy depending only on the volume of the crystal 
remains unchanged during the volume conaoiwing deformations, and hence it 
does not contribute to G' and 0. It contributes only to the bulk modulus. The 
five adjustable parameters of the total energy expression have been obtained by 
fitting them with the experimental values of the two elastic conataTits O' and C, 
the bulk modulus, the lattice constant and t]i,o binding energy of gold. In 
calculating the band-structure energy and its derivatives, the energy-wave- 
number characteristic and its derivatives have been Summed over the nearest 
354 reciprocal-lattice vectors. The contributions to the electrostatic energy 
and the overlap energy to the shear elastic constants C' and C have been taken 
from the works of Cousins (1967). The results of such calculation (Barua and 
Sinha 1978) for the shear elastic constants of gold are shown in table 1, where 
the contributions of each energy term to the total value h^^ve been shown 
separately. 
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TaMe 1. Calculated lattice energy contributioiw to the Fuchs second order 
shear elastic constants in units vf 10“ dync8/om» 


Elastic Me, 
constant 


^6* Met Total 


+0 0180 —0 0267 + 0-1707 -| 0-1620 

+ 0-1614 - 0-6148 + 0-8074 + 0-4640 


For low uickol concentrations wo can now write (Cain 1976) : 

M - MesO--2^x)^-MUl^lHx)+31oi(l-ax) (2) 

whoro 3{ is oitHor O and O, x ia the*, luokid concontratioj), 6 and oc aro adjnstablo 
parameters whose values can b(^ chosen as described ])elow. The particular 
iorma chosen for the c]i.anges in and M in equation (2) are baaed on the 
following reasons : Th(5 eleotrostatio contribution dependiS on the square of 
the effective ionic charge (Heine and Weaite 1970). Since the ionic charge is 
comi>enaatod by the conduction electrons in th<^ atomic volume, the offi>ctivo 
ionic charge can bo taken as the conduction electron density. 

Following Golding ci al (1967) tl\e conduction elotdron density has been taken 
as l“~^a:(= 7?(jr), say), where 

n{x) = 1 — for 0 ^ a; ^ 0*4 

=■0*6 forO-4 < x < 10. (3) 

Neglecting term, wo get tlic expression for change in Mes in equation (2). 
Cain (1976) has considered ^ to be equal to the excess valence of the solute while 
analysing the Cii-Al alloys and has used ^ = —2. Following Golding ei al (1967) 
wo, however, interpret n(x) as equal to tlve conduction electron charge density 
and take ^ = 0-3 since this is more reasonable in terms of Friodels model (1964) 
of the alloys. The value ^ == 0-3 implies tJiat, near x ^ 0, the conduction 
electron density decreases slowly. The value of ^ will, however, bo different 
for different solvent-solute? pairs. Wliilo considering the overlap contribution 
it is reasonable to assume tJiat for dilute Au-Ni alloys, Au-Au interactions are 
predominant. Therefore, lollowing Golding cl al (1967) and neglecting Au-Ni 
and Ni-Ni interactions wo Jiave? chosen oc 2*0. For the band-structure energy, 
the constants of proportionality is given by h so that the different elastic cons- 
tants have different proportionality constants bf. Hcmce, for constant lattice 
parameter, the change? of modulus with respect to the concentration x is obtained 
from (2) as : 


dM 




dx 





624 


B P BaervAi and 8 K SinJia 


Unin^ calculated valuoa of Mes and Mob from table 1 and tho experimental 
from Golding et al (1967) w© obtain the band atructure contribu- 
tions, biMbs, from equation (4). Thoao values are shown in tables 2 and 3. 

Table 2. Changes in the lattice energy contributions to the Fuchs shear 
elastic constant C' for Au-Ni dilute alloys, gold being the solvent. 


Composition 
(at. fraction Ni) 

dM 
dx \x 

-HM„ 

biMns 

—otMoi 

00295 

-0014 

-0011 

f 0-338 

-0-341 

00972 

-0009 

-0011 

1 0-343 

-0-341 

0-2420 

-0-007 

-0-011 

-f 0-346 

-0*341 

0-4242 

■1 0-006 

-0011 

+ 0-368 

-0-341 


valnos of 


dM 

dx 


Table 3. Changes in the lattice energy contributions to the Fuchs second 
orden* shear elastic constants C for Au-Ni dilute alloys, gold being the solvent. 


Composition 
(at. fraction Ni) 

dM 

dx 

L 

0-0296 

-0066 


0-0972 

-0-063 

- 

0-2420 

—0-062 

- 

0-4242 

-0-003 




2iMe. 

b2Mi)s 


0-097 

+ 1-646 

-1614 

0-097 

+ 1-648 

-1-614 

0-097 

1-659 

-1-614 

0-097 

-+ 1-708 

-1-614 


3. Discussion 

The present analywH of the nickel concentration dependence data of Golding 
et al (1967) reveals (see tables 2 and 3) that the magnitude of the band-structure 
contribution to C is an order of magnitude greater than that to C\ Similar 
trends wore also observed by Cain (1976) in the a- phase Cu-Al alloys. Also 
the band-structuri) energy contributions to the shear elastic constants C' and C 
of the dilute Au-Ni alloys inensase for increasing concentrations of nickel. In 
fact, biMbs gives the concentration dependence of the >strain derivative of the 
band structure energy. This may serve as an additional useful data in a general 
analysis of tlie concentration dependence of the electron energy bands in dilute 
alloys. Ft is also noted that the overlap contributions to G' and C ore dominant 
compared to the electrostatic contributions for different nickel concentrations, 
as anticipated by Golding et al (1967). However, the overlap contributions and 
the band -structure contributions to the shear elastic constants C' and C turn 
out to bo almost of equal magnitudes in this case. 
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We, however, note that the above general trends have only qualitative 
aignificance because, the results in table 1 are (;alculated at T - O^K, and the 

experimental data for ~j aixi taken at room temiK^raturo. Tlie introduction 

of temperature depend<^neo in tlie psoudopotential formalism is still quite 
complicated. 
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Abstract. For the first time CESR has been studied for a superconducting 
material. It is shown that the conditions are favourable, and the critical 
param€^ters are suitable for observation of CESR in thin films of NbsGe having 
high Tc of 22*66 K. The samples have been systematically investigated in 
the temperature range of 400 K to 4*2 K and thus the CESR has been studied 
both in the normal and superconducting states. The behaviour of the lino 
observed gives the direct support- to the idea of pairing of conduction electrons 
in superconducting transition. 

1. Introduetion 

Tho conduction electron spin resonance (CESR) in superconductorKS was discussed 
first hy Azbel and Lifshits (1957) who suggested that the paramagnetic resonance 
in a bulk superconductor was improbable. However, Kaplan (1965) argued 
that, subject to the omission of surface scattering, CESR in thin superconducting 
films should bo experimentally feasible provided th(\ normal state of the films 
also exhibit CESR. Immediately thereafter Shultz et al (1966) indeed could 
succeed in observing CESR in the normal state of Al but they could not study 
it in the superconducting state for the obvious reason that the resonance field 
they used exceeded tho critical field of Al. 

In this paper wo report for tho first time, CESR studies of thin films of 
superconducting Nb^Ge in tho normal and superconducting states. It is well 
established that tho observation of CESR in metals is difficult duo to several 
reasons (Altshutor et al 1964), Superconductors above the critical temperature 
Tc are normal metals and consequently observing CESR in them nocossiciates 
overcoming all those difficulties discussed by Altshuter et al, Tho main critical 
parameters are the film thickness d and th6 spin-lattice relaxation time t of the 
matoiial. The one obvious constraint is that d < where B is the skin depth. 
Below the critical temperature when a metallic material becomes superconduct- 
ing more conditions are to be satisfied for CESR. Firstly, the thickness should 
be less than the penetration depth A so that the constraint imposed by the 
Meissner effect is overcome and the applied field can ‘see’ the superconductor. 
Secondly, Hcz of tho film should be large enough so that tho application of the 
626 
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magnetic field required for the observation of CESR does not destroy the super- 
conducting state. Unfortunately, ovon in Gd doped La alloys, this has been 
ignored, and all the reported EPR studios therefore are almost in tlio normal 
state of the material (Davidov el al J973, Aleskooviskii et al 1977). Regarding 
the other critical parameter, namely t, according to Elliott’s theory (1954), due 
to thoir relatively strong spin-orbit interaction the observation of CESR is con- 
sidered difficult in heavy metals, and consequently in pure metals ot transition 
series, such as Nb, V and Ta wh.ich readily become superconducting the possibility 
of observing CESR in th.em h.as not yot been proptaly explored. However, it is 
well established th.at for A-15 comx)ounds of the abovti elements, the spin-orbit 
interaction parameter A^o i« drastically low, and therefore, observation ot CESR 
in those compounds is plaussible. In th,is connection as x>ointod out by Monod 
(1977), it is worth mentioning that a satisfactory theory of CESR, particularly 
applicable to heavy metals, is still lacking and the role of spin-orbit interaction 
is not yet fully establislied, as CESR h.as now been observed in heavy elements 
such as Pd and Au (Beuneu and Monod 1978). 

In view of above, tliiii films of A-15 compounds wh.ich are noted for high 
Tc and IIcz become the most ajiiiropriate choice tor the study oi CESR in normal 
and suporconducting statos. Tn particular, wo havo solootod thin films ol NbaGo 
with tho higlvost Te ^2 (55 K, and Hc^ oxcooding 300 kOo (Robert 1978). 


2« Experimental 

Thin films of Nb.Go of tlucknoss d » 20(K) A, sputtored deposited on alumina 
and having A-15 structure wore sy.stcmatically mvestigatod for CESR using tho 
Varian V-4502, a-band ESR spoctromelor using 100 kc/s magnetic field modula- 
tion. Tho .spectra at liquid air tomiX)raturc and above room temix.raturo upU. 
400 K wore obtained using Varian variable temperature aecossories, V-4 . 

Tomporature of the sample was measured using a 36 gauge copi^r-censtantan 
rCLn.pl. 1. .!» »n.pw cvlly. Ih. 

proper accessory was used for recording the spectra at tb.o liqmd hokum tern- 

Cre I. bU h.b„m w«k. tu. »mpl. W» ... 
tho o«.ily. Tl'.. uppnr Md I.f «.» blm is more than 300 ^ 

tic f.7r.— w. .«.d th. bold .P to .0 

thus its suporconducting state is not quenched at hokum tomperaturo. 9 

^ 4 TiPPH standard and the Uno width mcasuic- 

values wore moasurod with roBpoct to DPPH Htanaaia a 

ments ware accurate upto iOd Oe. 

3. Results and Discussion 

. j r.P rJi^inrvinff CESR arc satislactorily mot in 
Above diiscussed conditions foi obBorv g i /i ^ 4000 L while 

fitaa of UU.k»- d = 3000 i. Th. t^OO i St .atac 

th, p.n.lr.tl,n dopth in tho «p.t«..d«.tm8 .tat. ““ 

« o.t by Kaptan dW «» .b»n..U.. nt OESB. 
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In Figure 1 the resonance absorption signals are shown at different tempera- 
tures. It is clear that at all temperatures except the helium temperature of 



10 KOe 



T-4.2K 0 


Figure 1 Electron spin resonance spectra of NbaGo at vetfious temperatures 
showing CESR and 6DW signals. 


4-2 K, one resonance signal at gt as 2 is present along with two more signals 
towards low field side. The signal for p as 2 is attributed to the CESR. The 
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values oi line width, signal height and gp-l‘aetor for this line at differ out teiupora- 
tures are given in Table 1. 

Table 1. 


S.No. 

Temperature 

K 

</-valuo 

Lino width* 
iiAHpp Oe) 

Peak to peak 
height 1 
cm 

1 

400 

2022 

18-6 

2-8 

2 

350 

2022 

18-6 

3-0 

3 

295 

2022 

18-8 

3-2 

4 

200 

2-022 

19-5 

3-8 

5 

100 

2-022 

20-0 

5-2 

6 

4-2 

— 

— 

— 


♦ lAHpp = Peak to peak half lino width. 


Ah it ia known, the CESR signal should be near j; — 2, i.o. close to 2-003, the 
free electron r/ value. Moreover, other properties of CESR are also nearly sati.H- 
hed by the same signal. It is known that the lino width (^A/ipp), atid f/ value 
should bo nearly invariont wdth temporaturo for CESR whuli is evident from 
tho data of Table 1. Small temperature dependence observed in I is entirely 
reasonable, as pouvted out by Monod (1978) in CESR for Pd. Also, the, observed 
lino is isotropic. Th.ose features provide a reasonable ground to believe that the 
line is duo to CESR. Besides, tho observed data is found to fit well in tho 
Elliott relation (Bounou and Monwl 1978) which further substantiates tho above 
contention. It may bo numtioned that the X-ray diffraction and X-ray fluores- 
eonco studios made by Ekboto et al (1978) on these films revealed ne,th.,r any 
»„oo„a ..«r tK«y COPKI tUo pr.»„c» oF .ny para »r 

imparitioa. TFioso rcaults Ijoyoiul rcaai.nal,lo doubt oMtaldisb thr. CE. 
in tho normal state of NbaGe. 

The observation at 4-2 K is very interesting. The results show that in the 
superconducting state at 4-2 K, the CESR signal as well astlie other two signals aio 

;.o tag« ob»rV<d. Thi., iaour opimon, i» 

ounduoting .tutu which i. charactorkod by pairiug of electron, of '’fj"''*' ”1'^ 
and .„„„Itate.b.d .l<»e to the Fermi .urF^cJ^i k 

line, i. contrary to the .uggestion <.f Kapta F^; 

for too aim., pairing of eloctrom. in 

rrporoXC.ti: outcome of the 

tho uomal .t.tc i. duo to the eloctrorr. in the conduetron bond whuh on- tme . 


0 
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piirt ill Huptirconductiviiy. Ah rogardn to tho. other two linos obsorvod in tho 
X)r(iS(!iit study, ulioso iiitonsity varies considerably as comimnjd to CE8R, tJieii 
origin is believed to bo in the occurance of spin density waves prosent in tho 
eonduetion baud. Tl\e occurance of sjiin density waves in a high Te suporconduc- 
tor is ef extraoi'dinary imiiortance, having far reaching implications. Tho 
beliaviour of llieso lines is a subject of seiiaraie communication to be published 
later. 

4. Conclusion 

Tlie V(‘.ry lirst study of CE8U in a sujKuconductor is n^ported. TJun films of 
NbgGo having liigli Tc of 22*05 K oxl\il)it CESR in tl\e normal stale. On cooling 
b(dow 7c, tlie line disappears in agreoimmt with tho idea of pairing, (iliaractoristic 
of tho supercondiuiting stato. Tho prosoneo of spin donsity waves in tlio (ion- 
duction }>aiid is also indicated. 
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Debye-Waller factor of copper 

S Tolpacli 

Dopartmont of Phj^sics, Tmliaiii Institute of Toohnology, Kharagpur 
RocMuvod 7 Juno 1978, revised 0 Docombor 1078 


Tho tlu^ory of Paskin (1957) rogarding tlio tomporaturo variation of X-ray Dtvl)y<^ 
tornporatiiro was modifiiHl (Tolpadi 1^W5, 1977) so as to inidiuk' additional 
anliarmonio offoct dno to plion on -phonon int<‘raclion. TJio lonipt^rainro variation 
of tho lattice spocific lioat rocontly invest igatod (Tolpadi 1979) by inirodiKting 
a simple two i)aramot(M- modificMl Debye modol which iiuJudos tho ('•I’fbtJt of latti(u» 
(lisjw»sion. Tho present calcnlation based on tliis two paranioU^r model shows 
that tlM^ lattice dLsptn’sion and (?rysial anhannonicil ies must bo taken into a(‘c.ount. 
in the study of the temperature variation (»r tli(» D<d>yo-Wall(?r facdor. 

Tho (exponent 21F of Deb3XvWaller formula for a monatomic latti(^e of cuhic. 
symmetry is given by (James 1954, Willis and Pryor 1975). 


21F - 


1 (»7T“ )Sin2 0 


7 ' 


+ 



(j(v)dv 


( 1 ) 


wh<M-e tho syml)ols h,ave their usual meaning. 

Por a Debyes crystal ocpiation (I) can lie written a^ 


2ir- 


r2^in-^^ f/(.r) 1 
mkX^ \ x-T I 


( 2 ) 


wh<^^e 




1 

X 


fdt , X 
eP - 1 4 


and 


hvj) 

kT' 


0 being the Debye temperature.. 

TJui comparison bcilwwn thoor>' and oxporimonl is 
i„S tho tomporature paramolov T, (.Tamos 19.54, Owon 


usually made by evalu al- 
and Williams 1947) 


wlii^re /(), and 


_ V2h^ r /{?») 1 

^ mlc L Xq^Tq * 

T, X refer to tomiH'ratmos 7’„ and T respoctiv^ely 


(^) 

63J 
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The effect of lattice dispersion on the paranaetor can be included as follows. 
A good approximation for tho disx)crsion relation is a sine curve (Barber and 
Martin 1959, Howat 1972, Tolpadi 1979) which can bo written as 

v{q) == roSin(7rg/2g)o (4) 

wlaere 

Vo == (2v2)/7r). 

Th(j frequency distribution function corresponding to the dispersion lelation 
given in equation (4) is given hy 


g(v) = 


^QNvo{Sin-Hvlvo)}^ 

7r2(vo^— 


( 5 ) 


Substituting equation (5) in (1) we can show that the Fj parameter with 
tho inclusion of lattice dispersion is given by 




m* [• F(i^ -F^-] 

mk L *0" 


wJvoro t„ = {2xjn), t = (2a;/w) and tho intogral F can bo sliown to bo oqnal to 

f 1 


Of 

I Sin-^ 


+ 4 } 


(6) 


( 7 ) 


James (1954) has tabulated tho integral /. Wo have roovaluatol tho 
inti^gral I at closer intervals and tho data is given in table 1. Howat (1972) 
has calculated tho intogral F only in the limit ^0 — ► 0, the value being 2 In 2. In 
the present work F has been calculated by a numerical method a>s a function 
of t and the icsults are given in Table 1, 


Table 1. The value of tho integrals I and F bs b , function of t. 


t 

0-0 

0-1 

0-2 

0-3 

0-4 

0-6 

0-6 

0-7 

0-8 

0-9 

I 

A 

1-0000 

1-0003 

1-0011 

1-0026 

1-0044 

1-0069 

1-0100 

1-0136 

1-0177 

1-0233 

F 

1-3863 

1-3874 

1-3895 

1-3929 

1-3977 

1-4038 

1-4113 

1*4201 

1-4303 

1-4417 

I 

1 

1-0275 

1-0332 

1*0394 

1-0462 

1-0534 

1-0611 

1-0694 

1-0781 

1*0872 

1-0970 

F 

1-4544 

1-4584 

1*4837 

1-5001 

1-6178 

1-5366 

1-6566 

1-6777 

1-6999 

1-6232 

I 

0 

1-1069 

1-1176 

1-1284 

1-1398 

1-1616 

1-1638 

1-1764 

1-1893 

1-2027 

1-2164 

A 

F 

1-6475 

1-6728 

1-6991 

1-7264 

1-7646 

1-7836 

1-8135 

1-8442 

1-8754 

1-9072 

I 

3 

1-2304 

1-2448 

1-2596 

1-2746 

1-2900 

1-3066 

1-3216 

1-3378 

1*3543 

1-3711 

F 

1-9403 

1-9740 

2-0084 

2-0435 

2-0792 

2-1155 

2-1624 

2*1898 

2-2277 

2*2662 

t 

4-0 

4-5 

6-0 

6-6 

6-0 

7*0 

8-0 

9-0 

10-0 

11-0 

I 

1-3881 

1-4769 

1-6709 

1-6693 

1-7713 

1-9839 

2-2062 

2*4326 

2-6644 

2-8995 

F 

2-3051 

2-5063 

2-7166 

2-9340 

3*1568 

3-6144 

4-0826 

4-6674 

5-0366 

5-5185 
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Debye-Waller factor of copper 

It was rocently shown tliat a two paramot(,r lattico dynamical modol 
(Tolpadi 1979) which ineludos tho offoct of dispersion gives a good agnM 3 moiit 
l)otweon tho calculated and obseirvod specific heat. TJ\o two paramotors of tho 
model which refer to the zone boundary averages of transverse and longitudinal 
vibration frequencies, are calculated by solving the frequency determinant of 
tho cubic crystal in tho A — > oo limit (Betts et al 1956) along tho directions (100), 
(110), (111), (210), (211) and (221). A linear relation between v and q is assumi^d 
and tho zone boundary froquimcies are calculated by considering tho reh^vant 
values of the zone boundary wave vector. A six- direction approximation 
(Betts et al 1956) is used to calculate tho average transverse and longitudinrl 
Debye temperatures. If Ot = yT and 0i = zT refer to the transvmsc and longi- 
tudinal Debye temperatures of the crystal tho Yj parami^ters given in equations 
(3) and (6) can be written as 


^1 = 


= / 2 l±(^l _ %) \-i.i I \ \ (8) 

■ mk I 3 \ 2/o"ro y^'f' / 3 \ / J 

127*2 ,2 \ 1 I / ^(a-oM 

mk I 3 ] ’ 3 \ z^T 1) 


The effect of tlio crystal anharmonicity on the himp<»Taturo variation of 
the Tj parameter can ho calculated hy assuming tliat the vaiiatien of the Dehyc) 
temperature 0 = xT is given by (Paskin 1957) 

(P = x2T2 = x,?ToKl +2ayT{T„- T)} 


where a is th<' volume expansion eoof&cient and yr ik th.e Gruneiw^n parameter 
(Gruiioisen 1926). Tn equation (10) if the isoharit; Onnu'isen parameter yp is 
eonsidorwl instearl of yT wo get the combinwl effect of anliannenicity <lue to 
volume expansion and phonon-phonon intoractioii (Tolpadi 1975, 1977). 


Tho zone boundary transv<nso and longitudinal average Debye Uunporatures 
Ot and Ot of copper are 335-3 K and 663-6 K respectiv.dy. The average Debye 
temperature is therefore - 444-8 K. Tb.e isobarie Gruneisen parameter yp was 
taken from an earlier papir (Tolpadi 1975) and yr is taken as 1-96. ^snm.ng 
tho roferonco tomporaturo T,.-293K, the 7, parameter ealculaUxl from 
equation (6) for one parameter model by applying both the anharmomc correc- 
tions is given in figure 1 . I'l parameter is also calculated for the two pat amo er 
model from equations (8) and (9) by assuming that tlie tompraturo vana .on 
of the Debye temperatures Ot and 0i are given by relations similar to ^ j . 

These tesuL are given in figure 1 and compared with the 

Owen and Williams (1947). It is found that iiisteatl of a single par e i . 

the two parameter model wliieh includes the effect of lattice disprsion and both 
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f)34 

t1i« crystal aiiliarmonicifuw duo to volumo expansion and solf energy effect gives 
results in g<iod agnjemont with the experimental data. 


TEMPERATURE fx) 

350 550 750 



Figure 1. Tomporaturo variation of tho Dobyo-Wallor factor of Cu UHinp: 
a two parameter (TPM) atid a one parameter model (OPM). | with dia- 
perflion and iaohario anharmonicil-y (C)1*M). ()--() Harmonic cry«tal without 
dispersion (TPM), A ~ ' A iHothermal anharinonieity without disporsitm (TPM), 
A- -A with disjiersion and isothermal anharinonieity (TJ*M), with 

disporsiou and isobaric anharmonicity (TPM), X X exporimontal, data. 
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Improved digital solar aspect sensor for space 
Vehicles 


G K M TJmt\ipalli 

Applo Projoct, ISRO Satellite Centre, Peenya, Baiigalert-riS 
Recoivod 1 Novombc5r 1978 

Digital Holar aspoct souKors aro usod to iiu^asnn^ altitiulo Avith rosjieet to 
tlio sun, of spin axis as wtdl as il\roo-axis stabili/iMl salnllitns, souiuliiig roekots 
and balloons. Thoy an^ also used fior attitudo inoasurojiiont of ground basod 
optical instnimonts. 

Tho sy*stoni fundamontally consists of a quartz block, wboSt^ front sui-fatuj 
facing tJio sun is made opaque except for a narrow entrance slit, whili^ to th<i 
lower surface a reticle of binary or gray (todo (uinsisting of 8-t) bits is lixod 
Behiinl tlte reticle for <iattli bit one P-N silicon jib.otocell is attaeJu'd The liiu^ar 
image of tb,e suii i)rodxiced by tlie narrow slit is projecteil onto llie P-T'J silitMUi 
c.ell via tlie gn^y code pattern. Tlus jiroduces different ligk.t patterns dettH ted 
by tile colls, dojxmding on tho inclination angle betweon sunlight anil SonSor 
normal. Tho field of view of such system is controlled by the widtJi of the 
nxitaiigular quartz block and is normally limitod to ±4^*^ • covor the 2 
steridians, often required, tiirei' to four semuirs aie to be used. 

Based on tlio princiiilos of refraction and total intornal refloction in a ipiartz 
pioco, a conceptual design to increase tlie field oJ‘ viinv (ajiproxiniately 80’) 
without loss of angular rosolution of tluj system is sliowii schematically in 
figure la-b. 

InSti^ad of a convontional rectangular tjuartz block a trepizoidal blo(‘k is 
selocted and usual narrow slit* 1 is madir on tlie short face A ol tJie tre])<r/ium. 
Slit 2 and 3 of different widtiis and parallel to slit 1 are madi^. of tlie faces and 1) 
at tJio positions shown in the figuro la. Kc,ticle (gray/binary code) witJi liglit 
Sensing oleiuenis aro mounted on face C, faces B and D are made hilly reflei-tive 

by dopositing suitable metallic films. 

Tiio angles betwenm faces B-(VC-D are cb.oSim to correspond to tlie critical 
anglo for quartz. For ligh.t rays iiwidont on faoe C! a1. anglo.^ ginalor tl.an tlun 
anglo, t()tal int«>nial rofloution taken plaoo ami tho lays aro totally rollootod Iroin 
surfaoo C to impiiigo on faco B/D. At this point, tJw* rays ai'o lutth.ot lolhK.tod 
back from faces B/D liuaDy to I'oach tlio soiisiug olomoiits via mask, monnUHl 
Oil faco C. 

Liglit rays, incident at angles loss tlian the critical angle, passes through 
slit ‘1’ and for angles greater tlian this ligh.t rays ijasses tlirongli slit 2/.'$. Hmi - 
ever, all these rays finally pass tJirongh. tlie same gray code mask and simsbig 
olomenta. Tho light rays passing through each of tho throe slits can easily bo 

035 
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Figures la and lb 

■■■ Metallic film 
1 1 i i 1 1 i 1 1 1 Groy Binary Code Mask 
Light sensing elements 

(Ray tracing is shown for positive angles only similar symmetrical 
system holds for opposite angles). 



Figure lb 

from tho pulse height of the output generated from the Housing elements 
an the widths of the three slits are different. This way wider angular field of 
viowA, covering a range of approx. can easily bo achieved at no loss of any 
appreciable angular resolution. 

The present system is equivalent to two conventional rectangular systems, 
this should result in considerable reduction in weight together with space economy 
and those are of utmost importance for space vehicles. 
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A 8a,mpIo of polyorytitallino potassium nickol iK^riodato [KNilOJ lias bwn 
propared by tho Inorganic Ohoinistry Dopartinont of tho Association in uUi(?li 
nickol has boon auggostod liy tlu>ni, ftom tlioLr investigations, to t>xist in totra- 
valent form with trivalont nickol as snteiitutional inlpu^it\^ As a constniuonco 
it may bo oxpoctod that tho sample would show appnuMabU^ t^lof^tru•.al i^ondiictan<*o 
(tho situation being suitable for phonon aasistfnl hopping of catriors) and inU^rost- 
ing magnotk^ bohavkmr. Tho oloctric and niagnotic proporiios of this saniplo 
have, thoreforo, boon invostigatod within tho iomporaturt^ rango lOO^K to s300°K. 
Tho olootrical moasiiroments woro porforrnod with both pollots (obtaimwl by 
Xirossuro) and with powders pressed in a spocdally dosignorl holder'. Tho inagnotic 
measurements were, however, made with powdered saniplos packed in soaltHl 
glass amopulos. 

Tho electrical conductivity has boon found to bo of the order ol‘ 10 at 
1()0°K and increasing to that of 10 ’ at SOO^'K. Tho actual tomixM*aturo varia 

tion of conductivity is ahown in figure 1 whore log ^ T has bwn plotO^l against 

T ^ {R is the resistance of tho sample an<l T tho t(unj)oraturo in degree^ K<dvin). 
It is observed thorofrom that the resulting curve is a straight lino from about 
to 300®K and below IGO^K it deviates from linearity. Tho linear portion 

A 

of the curve obviously t-hon follows a relation of tho typo ^ — rp where 

or is tho electrical conductivity, q is the activation energy involved in hopping 
and contains both carrier activation energy aaid mobility activation energy, 
A, a constant and the rest of symbols have their usual signifii^ancjes. The 
value of q has been obtained to be ~ 0*1 e volt. 

The material has boon found to be appreciably paramagnetic and the 
temperature variation of its susceptibilities (x) bas boon graphically ropresonted 
in figure 1, where x bas been plotted against IjT. From 300 K downwards x 
initially increases very feebly and thereafter at a faster rate following a linear 
relationship till ~ 166 ®K whereafter it deoroasos and ultimately attains a temi>era- 
ture independent value. The magnetic moment at 300®K has boon obtainod 
to be 1*26 Bohr magneton increasing to a value 1*8 Bohr magneton at ~170 K 
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thereaftor docroaaiug to 1-2 Bohr magneton at 90°K. The temperature varia- 
tions of /t (magnetic moment) as well as of the product are shown in figure 2 
whore hotli /* and xT have been plotted against T. 



Figure 1 . Tomporatiiro variations of conclnciivity (l/i?) and magnetic suscep- 
tibility (x)- 



Figure 2, Temperature variation of : 

i) magnotic moment (/^) in Bohr magneton, and 

ii) x’^ temperature in ‘^K). 

It is obvious from above that while its electrical behaviour is understood 
in view of the existence of substitutional trivalent nickel impurity, the appro- 
ciablo paramagnetism (especially its moment value) is not however very woU 
understood. Further, it appears that there might bo some sort of a change 
in the sample at low temperatures below about 160°K but the nature of this 
chiuigo is not understood. Thoroforo to clarify those points a thorough investiga- 
tion of its various behaviours including magnetic, electric and dielectric combined 
with structural and spectroscopic studios have boon undertaken and the results 
of those will be published in duo course. 

Acknowledgment 

The author wishes to thank Dr. K. Nag of tho Inorganic Chemistry Depart- 
ment for the kind presentation of tho sample and for some uaehil discussion 
and to Sri A. K. Dutta for his kind interest in the work. 




Indian J. Phya. 58A 639-641 ( 1979 ) 


Monovac«ncy resistivity in noble metals 

JC N Kliamia 

Department of Physics, V. S. S. D. Collcgo, Kimpur 

Received 2 May 1979, revised 18 Juno 1979 

In a provioufi papc^r (Klxanna 1978), the thoorMical calculations of monovacancy 
resistivity have boon carriorl out in alkali inotals in tlio fraiiio work of psoudo- 
potontial approach. TJie purpose of this pajx^r is to extend tlw, calculations 
for noblo metaLs. Tlio expression of monovatancy resistivity can bo wrht(>n 
as (Shj/u ef al 1971) 

wJioro 

, 2Kp 

wl\oro Vf is tlio fVrmi volocjity and V(q) is tlio s(^ro(^nod p8oud()i)otontial matrix 
oknnont. T]\uh a piH>p()r tliolootrio fiiTu^tifjii lor jioblo moials is noodt^d. Tlio 
nonintoFactJng band soliomo of Prakasli and Joshi (1971) as modiliod by Singh 
and Prakasli (1973) for diolootric function of t^-band motal is appluMl in tlio com- 
putation. TJio mod(d jisoudopottmtials of Upadliyaya ri al (1970), Upadliyaya 
and Sharma (1977) and Homkar and Kumar (1978) liavo boon omployinl in tlio 
prosont cakndations. Bofor(» pif^sonting tin* calcidatfxl valuos of mf^novacancy 
n^sistivity lot uk considi^r tb.o oxporimontal worl; on tlio lattico vacamuos in noblo 
motal, s Uisuig various tocJiniquos. Tin* most commonly accoptcnl iochniciuo is 
tl\o quoncbjng inotliod. Simmons and BaJIcfb (1903) Jiavo roj)ortcKl tho follow- 
ing valuos of monovacanc^y rosislivity in nublc' iu(»tals T>y using this mothod; 

-- (l*5i0*3) /iQ cm/at% (On), - (l*3-|-9-7) //Q om/at% (Ag) and 

Pv = (l-6dz0*3) /iQ, cin/at% (An). This prottoss which combim^ oquilibrium and 
quonclving data, caai bo objoctod on tlio groiuuls of vacancy losses during quontjlv- 
ing process. Siogol (1900) moasurod flvt oloctrical resistivity at 4*2°K of lattico 
vacancies in gold using combined n'Sistivity inoasurimuvnts and transmission 
electron microscopy on quenc^lvni and annoal^nl gold and obtaiju^fl (1*8J::0*4) 
/^£icm/at%. Th<^ same te(4\niquo has boon applied by Cottorill (1901) for gold 
(Pv = 2-4d7(b4 pCl cm/at%) at 78°K. Furthormor<^ Ascoli ct al (1970) reported 
tho vahxos of which arc four times higlv^r than tlio results of Simmons and 
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Balluffi (1963). This strong diaoropaaicy botween equilibrium and quenching 
data was thought duo to failure of Matthioasen’s rule which holda between 4*2®K 
and 70°K. Jt is to bo noted that Zett’s et al (1969) did not find appreciable 
deviation from Matthiesaen’s rule in measuring the resistivities in quenched 
gold and platinum at 4*2°K and 303°K. However, the reason for this discre* 
pancy is not fully understood at present. 

By using the expression for monovacancy resistivity, the calculations were 
performed for varioxia model potentials and the results are displayed in Table 1 . 


Table 1. Mono vacancy resistivity of noble metals in the units of /eO cm/at % 


Experi' Theoretical values obtained by using the model potential of 

Metal mental 

values Upadhyaya Upadhyaya Hemkar Borchi Moriarty 

et al and and and 

Sharma Kumar Qennaro 


Cu 

l-6±0-3 

1-09 

1-44 

_ 

3 21 

3 20 

Ag 

l-3±0-7 

1-92 

2 31 

— • 

2-72 

2-48 

Au 

l-6i0-3(a) 
1-8 + 0-4(6) 
2‘4±0-4(c) 

1-96 

2-66 

2-45 

4 34 

2-98 


(а) Simmons and Balluffi 

(б) Siegel 
(r) Cotterill 


Borchi and Gonnaro (1970) have calculated the mono vacancy resistivity for 
noble metals in psoudopotontial formalism. They have not used the proper 
dielectric function. Their calculattMi values using Borchi and Gennaro (1970) 
potential and Moriarty model potential (1970) are also tabulated in table 1. 
They found a large discrepancy between the theoretical and experimental values. 
A porsual of table 1 shows that the present calculation gives values more close 
to experiment than Borchi and Gennaio inspite of the fact that there is varia- 
tion in available experimental results. A comparison in present theoretical 
values shows that for silver and gold, Upadhyaya et al model potential present 
a bettor agreement with Simmons and Balluifi and Siegel experimental values, 
for copper the bettor agreement is achieved for Upadhyaya and Sharma potential 
and the calculated value for gold using Hemkar and Kumeu* model potential 
shows a good agreement with Cotterill experimental value. The discrepancies 
between theory and experiment are not unexpected and arise from the n^lected 
of lattice distortion and assumes the vacancy concentration is small so that one 
has essentially a collection of singly isolated vacancies. 



641 


Resistivity in noble metals 

Acknowlec^pment 

Th« author i» thurUrtuI to P.-of, B. S, Bha.ga,., f.„ rrovi.liog d.^urtmout.l 
facilities and Swami Atmanandji for encouragomont. 

References 

Aacoli A, Ouarini O and Quoirolo O T 1970 Crystal Lattice Defects 1 169 

Borohi E and Qeimaro S De 1970 Letter Nttovo dm. 4 365 

Borchi E and Qennaro S De 1970 Phya. LeUtr 32A 301 

Ootterill R M J 1961 Phil. Mag. 6 1361 

Hemkar M P and Kumar M 1978 Phys. LeU. 65 49 

Khanna K N 1978 Indian J. Phys. 52A 652 

Moriarty J A 1970 Phys. Rev. B1 1363 

Frakash S and Joahi S K 1971 Phya. Rev. B4 1770 

Shyu W A, aaspari G 1), Wehling J H and Cords M 1971 Phya. Rev. B4 1802 

Siegel R W 1966 Phil. Mag. 13 369 

Singh N and Prakash S 1973 Phya. Rev. B3 6632 

Simmons R O and Balluffi R W 1963 Phya. Rev. 129 1653 

Upadhyaya J C, Kulshresfcha O V and Gupta H 0 1976 Ptiyaicn 84B 236 

Upadhyay J C and Sharma OP 1977 Solid State Comm. 21 149 

Zotts J S, Qripshover J and Bass J 1969 Phya. Lett. 29A 256 


Indian J. Phya. 53A, 641-613 (1979) 


Surface layer effects on the spontaneous polarization 

of NH4HSO4 

K Saaabasiva Rao*, Rajeudra P Nigam and Mrs A Bhamunatlii 

Microwave and Magnetic Resonance Laboratories, 

Physics Department, Andhra University, Waltair 
Received 10 July 1979 

The surface layer effects on the spontaneous polarization can be stiwliwl by 
measuring the polarization of tiie comprossixl powders with tlifferent partude 
sizes. The compound ammonium bisulphate (NH 4 HSO 4 ) was confirmed as a 
ferroelectric below -30°C and also found tJ.at the compound has got a defwttive 


* Present address : Department of Physios, Andhra University Post Graduate 
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surface layer of thickness 4^/im and its dielectric constant as 10 by the dielectric 
measurements at 1 MHz in the polycrystalline form (Sambasiva Rao and 
Bhanumathi 1978). 

The spontaneous polarization and coercive field in the compound ammonium 
bisulphato in the single crystal form are measured (Pepinsky et al 1958) and the 
maximum values are estimated to be 0*8x10“® coulomb/cm* and 1100 V/cm 
lespoctivcly. Also the^y found that the valtiea of spontaneous polarization and 
coercive field are zero at — 3®C and 119°C. 

Hysteresis loops of the compressod powders of ammonium bisulphato wore 
studied by using the ferroelectric loop tracer based on the compensation grounded 
sample scheme (Scluibring et al 1964) in this laboratory. Tlie measurements 
wore made from — 130®C to 0®C for powders with particle sizes in the range 
lOS'-YlO/em. The samples used for the raeasuremonts of polarization are of 
the density 86% to that of a normal single crystal. 

The variation of experimental values of the spontaneous polarization with 
temperature for five compressed powders of the particle size ranges 500-710/im, 
350~500/Am, 210~350//m, 177-210/Am, and 106-177/Am, are shown in figure 1. 
The maximum value of coercive field is 1600 V/cm, the value is much higher than 
that of single crystal (Pepinsky et al 1968). It is clear from the figure that there 
are two transition temperatures in the compound, one at — 3°C and the other is 
at — 119°C, as observed in the single crystal measurement of ammonium bi- 
sulphate. The variation of the spontaneous polarization with temperature in 
the compressed powders is similar to that of a single crystal except at the 
second transition — 119°C. At this tomi)orature the decrease in spontaneous 
polarization is nt so sharp in the single crystal. Also, the spontaneous polariza- 
tion decreases with decreasing particle sizes similar to the particle siz(^ dependence 
on the dielectric constant (SambasJva Rao and Bhanumathi 1978). Further, 
the broad peaks in powders and increase in broadening with the decrease in 
particle size may be noticed from the figure 1. The broadening may be causwl 
by the difference in the properties of the surface and the bulk. It can bo noticed 
from the figure that the compound (NH4HSO4) is ferroelectric in th,e temperature 
range— 3®C and — 119°C. The maximum value of the spontaneous polarization 
for the biggest particle size range (600-710/Am) is about l/30th of the single 
crystal value. For the smallest particle size range (106-177/Am) the maximum 
value of the spontaneous polarization is about 1 /48th of the single crystal value. 
The lowering of spontaneous polarization in powders as compared to single 
crystal may be attributed to the formation of a defective surface layer, which 
is duo to the mechanical discontinuity in the periodic lattice. According to 
(Goswami 1969) this gives lower values of the dielectric constant and spontaneous 
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polarization at tho surface than in tho bulk resulting in the decrease of tlie di- 
oloctric constant and spontaneous polarization with deesroaso in particle size. 



Figure !• Spontaneous polarization as a function of tomporaluro for five 
oomprossod powdors of (NH 4 HSO 4 ). A. 600-710 /tm; B. 350-600 /tm; 
C. 210-360 /tm; D. 177-210 /im; E. 106-177 /tm. 
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KH 2 PO 4 (KDP) and othor isomorphouH hytlrogon bondocl formolootricH havo 
l) 0 (ui oxtonsivoly Ktudiod with a tran^vors^ Ining model (Blinc and Zokn 1972). 
A micToHcopk; treatment to conf<idor the coupling between protmi motion and the 
optic mode (OM) of the lattice was given by Kobayashi (1968). Brout et al (1960), 
}iowovoi% .showed that even the pure tunneling model (the tran.s verse [sing model) 
gives rise to the soft-mode behaviour which was first theoretically put forward 
by Cochran (1960) and Anderson (1960). Brout et al (1966) and later Blinc and 
Zeks (1972) (abbreviated as BBZ), however, used semiclassical equation of motion 
method to calculate the ferroelectric properties of KDP type crystals. 

The purpose of this note is to show that the thermodynamic Green's fuiujtion 
moth<xl which seems to bo simpler than the procedure of BBZ using the Bloclv 
equation gives rise to the same result as those of BBZ differing only by a factor 
^"(/S+1), This controversy arises duo to the use of quantum condition that 
the eigen value of is >S(S+1) while in the calculations of BBZ which is a semi- 
classical treatment such factor did not appc^ar in the final results. Our calculated 
results obtained by RPA type decoupling of the Green’s function should thcrefoio 
be divided by fif(/S+l) to make them equivalent to those of BBZ. It has also 
l)een shown that the simple RPA-type decoupling of the complex Green’s func- 
tion exhibits the most salient feature (the soft-mode behaviour) of ferroelectric 
transition in KDP type crystals. 

The paeudospin Hamiltonian describing <^he ferroelectric characteristics in 
KDP family in presence of an external electric field E has the form (for details 
see BBZ) 


H = S S X ( 1 ) 

< * 

whore the parameters have the usual significances (BBZ). 

* Content of this paper was accepted for presentation at the NPSP Symposium 
(1974) organized by DAE. Abstract No. SHA3 by (BKO). 
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Wo Hhiill .start wilU psoiido-.spin Gn^'iiV functinii {I'CJF) lik.: .s'i'n(/) 

I ^ (lofinod ])y (Ziil)iiiov 10(50) 

SVAi(/) I ^ ;//(/_/')., \s,in(f) s,n(r)] . 

^2) 

wln^ro ihii) tJu‘ w coiujMUH'nl of Ihr sptn Si^i.h ./ . // ' ). - 

tlv^ statistical a\'cr;iij,(^ ol tlio oiitOosod j)iiKlurt. Tlu^ l^’otiiicr tiansfoi-tn 
tlio PGT^ Sfitisiios tlu^ c/quatinn ol ntt)1i<)ii \ iz 


(f j - \Sfm^ Sfff\ -} j (n) 

Hit 

o)) IS tl'c c<'iiij[»lox P(fF ^ 1/ , 

IVlllf' B"j.';i)|yii1i(0 .'J’yaliliUov {l!f)!>) <)tN-<Mij)liii", liti. 

.1 

(hi. niiH> tMnialii'iis of luotioii can In- wriGcii a.-. 

\vli(>t(t is a (!l ; it) tnatrix, aii<l .arc column inatrucs 



Solution of T ojvo.s tliu oiooiilrtsjunucins (onorcy sjinctrum vill' T\P.V) 
<(ij (t, ,_ Ti~ i tt- 

wJioro 

7t - l>E \-\ J’ < > 

0 2li, .J' ^ 

< /S'* > ^ < 6V > = < Wi* > 




( 4 ) 


(r.) 


(r.a) 


(o1») 


(f>) 


(7) 


11 



64-6 8uvra Qanguli arib Bijay K Ghavdhari 

Using tSi«>ctral theorem (Ziibarov 1960) and the identity 

> = S(S f 1) 

m^x^z^y 

wo ()))tain 


< -s*> 


7tS(S 1 -]_) 
(;r2-f6»2)‘ 


tanh 1 0'^)^ 


and 


S' > 


2QS((S^ 1) 


tanh A ( 7 r 2 +( 92 )J. 


(8) 


(9) 


Tlios(" an» tl\o Ktaiulard oquaiioji.s for studying forrotdoctrio boliaviours obtainod 
oarlior by BBZ and Tokunaga and Matsubara (196G), but contains a multiplying 
factor S(S \-l) as montionod oarlior. To mako our results idojitical to tb.oso 
of tl\o oarlior authors wo dofino polarization by <8^ >/aS((>S+ 1) in our proceeding 
calculations. Tl\o onoigy spoctrum shown in (G), howovor, do not show th.o 
soft modo boh.aviour. Tixat is a>^ does not froozo at 

Tho mici’oscox>ic behaviour of the forrooloctric i>l\aso ti’ansition in KBP 
as shown by Brout et al (1966) becomes clear if wo consider fluctuations around 
th(» above moan fleld result which could bo made by transforming tho spin as 

^^1^(9) = oxptQ.jRj 

and using th,o following decoupling viz., 


Tho of|uation (5b) now transforms as 



( 10 ) 


Equation (10) gives tho eigen froquoncios (energy spt>ctrum) viz., 

o,\Jq) = ( 2 Q) 2 +(iJ' < 8z>+,iE)^^2aj{q^) < 8^ > (11) 


^ == J{q) < S^> 


J{q) - S J'eiq.iRi^R,). 


whore 
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In tho limit ^ 0 one obtains tho Cochran’s modo instability for T > T^. 

a>®+,40) = 4Q2-2QJ' < S* > 

= 4n*— 2Q J' tanh fiCl 

Te is tlvi transition tomporaturo. For T-^T, wc ]iavo 

Calculating susceptibility from tho Green’s fun.dion G^^(q) and expanding a, omul 

Tc wo got divergenno in tho susceptibility viz.. ya{7’— Plots of 

and w,| _{q) as a function of q givo evidently tlu^ singularity at T, as w'as 
shown elaborately by Cochran {19G9) from lattice dynamical calculations. 

Thus wo stH> that simple RPA deooupling ol thi> complex Green's fimetions 
are o(juivalont to tho calculations of PBZ and are sufliiiimt to dc'serilu; tin* micro- 
scopic behaviour of phase transition in KDP (Weii with pun! tuniuiling model. 
Consideration of pseudo-spin lattice interaction is h)und to slightly nUMlify the 
theoretical expressions of th(! eigen freqinmcies (Blinc and Z(!lvs 1972) by incriias- 
iug the exc'hango constant. But tho ovinall behaviour lemains approximately 
tho same. Further, consideration of higher order Green’s fiinct ion ii\ our cak illa- 
tion does not improve the results and in this case expressions (8-9) also become 
(iomplicatofl and different from those of BBZ. However, tb.is method of onr 
calculations may also bo extended to explain the phase transition in theiasi* of 
rochelle salt, PbHPO^, NH^ILPO,} and in similar otb.er ciystals wlicre two sub- 
lattice Tsing model and asymmetric double wi'll ])otential at(> usimI All these 
results will bo shown olsmvhere. 
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Tlio suironamidos Jiavo still a significant, role in tho troatinont ofcoriain infections 
in spite of tiles wide use of anlibiotictS. Early pliarmacologituil st udios (ScUnitzor 
f t ftl hl4fi) ol‘ siilfisoxaz()l<7 t^stablishod th.at it was a rapidly absorbcHl and rapidly 
oxcrotod sulfonainido wilJi antibactiwial activity equal to that of siilfadiazino. 
Wiion a rapidly acting sulfonaniiilo is indittattnl, siilfisoxazole is tho ont» wliicli 
is jindbrrod over other sulfonamides (Weinstein lOfifi). In this t*oinmuni(!atioiK 
tile rtvsults of our jireliminary study of tJm crystal and nioleciiU^ structun^ ol 
suliisoxazole ar<% being rc-ported. The ultimate object of th.is study is to undi'i 
stand th(» rolatiousliip between the structural features and pharmacological 
activit ies. 

Single crystals of sulfisoxazole were obtained by slow i^vaporation ol' a 
solution of the comjxiund in a mixture of water and alcoliol at room temperature. 
The (irystals wi're need le-sliajXHl, tjie necnlle axis biding paralltd to f*-axis A 
crystal of dinumsions 0*81 x0d3x<h38 mm was used and tlu» unil ccdl dimensions 
weri^ olitained from Weissenlierg, oscillation and rotation j^luitograjdis taken 
aliout a- and c-axes, using CnKa radiation, Tlu» crystal data are given in Table I, 


Table 1« Crystal Data 


t’liHioN.OoS 

/dCuK«) - 22 S cm-i 
PobH = " 1 to gm/cc 
Pcait -- 1*4S gm/cc 

Systematic absences : 

iikl absent for k odd 
/itA'O absent for h odd 
hOl absent for I odd 


Molecular weight 207*3 
Orthorhombic 
Space group : Pbca 
AfCuK.) = 1-5418 A 


a = 14-88 A 
6 = 14-24 A 
<• — 11-31 A 

z ^ » 


Three-dimensional intensity data wore cfillocted for layers hkO to hkS and 
Okl using multiple-film equi-inelinatioji technique. Tho intensities of 1357 
048 
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Figure 1 . Siilfisnxfi 7 (>l<- niolornlt' 



L{}) 

CO. V'” 


/ 

"a 1 

N(1) - 


C(AJ' S 

/ 1 


\ 

/ 1 


Ctf,) — - 

c<»‘n 



N(P 


C(9)“ 


/ 

COO) 


C(BJ 

\ 


(AW) 


Figure 2. The* jitumir Mc'hen^* of suliiRoxaz«»U" 

TJio two rings in tJu' snlfisoxa/olti inoloeiilo aio almost pianai' {iml 1 molo- 
(mios aro liukod t(>goi]\(S' by ... N and NH ... ()»S Jiydi'ogon ^miids. 3-1) 
packing of tlu> jnoloout^s viow4'»d t|(»\vn ‘r/-avis is sKown in fignrt^ 3 PurtjnM 
I’ofiiionioiit is in progr«>ss ami a dotait-d j)ap(M‘ will Im^ jmblislnnl in diitt t‘f>urs«- 
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Table 2* Fractional atomic co-ordinates together with the isotropic tem- 
perature factors 



X 

y 

z 

b(A“) 

N ( l ) 

-01191 

0*5111 

0*1084 

6*0 

C ( l ) 

-00678 

0-4291 

0*1000 

3*0 

C (2) 

-00100 

0*4027 

0*1906 

3*6 

C (3) 

00374 

0-3228 

0*1816 

3*6 

0(4) 

0*0316 

0*2689 

0*0806 

2*6 

0(5) 

-0*0183 

0*2965 

-0*0116 

4*0 

0(0) 

-0*0691 

0*3800 

-0*0027 

4*4 

s 

0*0919 

0*1664 

0*0708 

3*2 

0(1) 

0*0689 

0*1227 

-0*0362 

4*6 

0(2) 

00833 

0*1164 

0*1793 

4*8 

N (2) 

0*2013 

0*1928 

0*0690 

3*2 

0(7) 

0*2339 

0*2634 

-0*0146 

2*8 

0(3) 

0*2265 

0*2239 

-0*1266 

3*8 

N (3) 

0*2674 

0*2960 

-0*1962 

4*1 

0(8) 

0*2988 

0*3666 

-0*1268 

3*4 

0(9) 

0*2766 

0*3376 

-0*0081 

3*2 

0(10) 

0*3001 

0*3936 

0*0986 

4*8 

0(11) 

0*3465 

0*4387 

-0*1692 

4*7 
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Table 8. 


N(l)-C(l) 

0{1)-C(2) 

C(2)-C(3) 

C(3)-C(4) 

C(4)-C(6) 

C(5)-()(6) 

C(6)-C(l) 

C(4)-S 

S-O(l) 

8-0(2) 

S-N(2) 

N(2)-C(7) 

C(7)-0{3) 

0(3)-N(3) 

N(3)-C(8) 

C(8)-C{9) 

C(8)-0(H) 

0(9)-C(7) 

C(9)-C(10) 


Intramolecular bond distances (A) and bond angles (degi-ees) 


1-40 

hU 

i:i8 


1-41 
1-3G 
1 73 

1*40 

1-42 

1-67 

1-37 

1-34 

1*42 

1-27 

1-40 


1-45 

1-30 

1-49 


N(l)-C(l)-r(2) 

120*9 

N(1)-C(1)-C(0) 

118*8 

0(6)-C(1)-C(2) 

120*1 

C(l)-C(2)-C(3) 

119*9 

C!(2)-C(3)-C(4) 

120*1 

C(3)-C(4)-C(5) 

121*1 

C(4)-r(6)-0(6) 

119*2 

C-(5)-C(6)-C(l) 

119*2 

t!(3)-C(4)-S 

119*7 

C(6)-C(4)-S 

119*2 

C(4)-S-0(l) 

107*4 

C(4)-S-0(2) 

108*5 

0(1)-S-N(2) 

109*3 

<)(2)-S-N(2) 

102*3 

()(l)-S-0(2) 

120*9 

N(2)-S-C(4) 

107*9 

S-N(2)-C(7) 

120*0 

N(2)-t:(7)-0(3) 

115*3 

N(2)-C(7)-C(9) 

133*2 

q7)-0(3)-N(3) 

105*5 

<)(3)-N(3)-C(8) 

107*5 

N(3)-C(8)-C(9) 

112*0 

N(3)-C(8)-C(ll) 

121*5 

0(ll)-t!(8)-C(9) 

126*4 


C(8)-C(9)~C(7) 103*4 

C(8)-C(9)~C(10) 127*8 

C(10)-C(9H:J(7) 128*7 

C(9)-C(7)-0(3) 111*5 


Coniputatiojifc} wore carried out on iho Burroug]>,a BG700 oomputov UKiiig mainly 
tho niodifiod vt^rsioii of ‘'X-ray arc.” systom for i;rystallography comirilod by 
B. L. Vickory, D. Briglit and P. R. Mallisoii of Agricultural Rosoarch Council 
Univoraity College of Loudon. 
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Crystal structure of phenylpropanolamine hydrochloride 

A PncUIor, J K Duit tagupta ami N N Salia 

C^ryslallogmpliy and Molocular Biology Division, 

Salia liislituit'. ol’ Nuclear Physics, 

*.)2, Acliarya Prafulla Chandra Hoad, ('alcuitn*70<)0(ill 

K.L*cciv<^d T) June 19711 

Plionylprojtanolaniiiu^ Jiydroehloridt? (prnpatlrino) is a synij^alUoinimotie drug 
Bargo! iind T)a!n (ll)l(l) synlJio.sizod a sorh^^ of <-oinj)oiihds Jiaving in eoniinon 
1l»o j)l>,('ii<'tliylainiiH^ gi'ouping iPnl with suhKtiluonlK a|. tlio a- or /i-earlion atoiiiw 
as \\(dl as m (lu* Iksi/oiu^ ling (P'iguro I). Many ol 1 aminos minii(*ko<l lUo 
<dToe< of stimiiialing th<» sympat Ind ic norvous systtmi and w<m*o t(M*ni(Hl as syinpa- 
1 honiinL(‘ti<‘ aminos (Mtdjtsin llMid). TMumyl])roj)anolamino liydrocJdorhlo is 
oldaiiKMl l>y suhst it u1 ion <d Oil and (HL. groups at cc- and /y-tiarlton atoms 
pt^rti\i>ly This drug imtloculo is also widoly nsod for llu^ troatinoni of nasal 
and sinus oongosficm, usually in oomhiiiation witli an antilustaniiiih; <lrug. 



TJio singltt orysials ol plionylpropauolaniino liydrooJilorido avofo oldainod 
by slow o\ ajioratioii of an lujuoous stdutioii of tJio (utmpound ai room t<uiii)ora- 
turt» PixJiimnai'v unit t-tdl dimonsions and sysitnuaiio a])son(;<»s worn dotormiiutd 
from WoissonlKU'g pJiotograpJi>s whiU^ aetmralo (adl paramotors wm’o ol)iaiiw»d 
from diffra<d<miotor moasiiroinonts. Crystal <lata is giv<tn in Talilo J. 

TJut olisorvcxl systoniatio absoncoS iudit akxl that tlio x>o>ssi]j|o Spaco groups 
aro (noiiasuilrosyiunLoiritO and Piijni {conlrosymmolritO- Tho statislJoal 
iM^Sults of I I >, <|/i'|>, and tho distribution (Howolls, Phillips 

and Rogors 1950 ) iudi(;atod tJuvt tho si)aco group is P2i with two niolwulc^s of 
phony] propanolamiiio liydroohlorido por asymniotri(! unit. Tim intonsity data 
Wort' ottllociUwl on an automatic Stoo four-cholo diffractomotor using Ni-filtored 
(JuKa radiation and altogoihor 1658 rofloctious wore nioasurod in tho 6 ^/ 2 ^/ scanning 
mode. 
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Table 1. Crystal Data 


Phenylpropanolamine hydrochloride 
MoVecular Formula : C,Hi«ClNO 
Mol. wt. : 187-7 
a « 7-448 A 
b = 9-461 A 
c 14-696 A 
fi = 103-4° 


Monoclirm 
Spaco group P2i 
Peale == 1-24 g.cm~® 
Pob» *== 1*25 
Z = 4 


The atnxctur'o was doierniiiiod by the heavy- atom method . The poaitioivH 
of the two chlorine atonic in ilu) a».syiixnu>tric unit wore obtained from a thrt>e- 
dimensional Patte^rson ayntliema and tli.e remaining twenty two non-hydrogen 
atoms were derived from aucceaaive Pouriet aynt-het^ia. The atomic parameters 
were refined by full-matrix loast-Kqu^res motlnxl uaing i»sotropic temj)orature 
factors. The final R index was 12*3%. The. positional and thermal narametora 
and the bond lengtlis and bond angleil are given in Tables 2 ai\d 3 respectively. 
The numbering scheme used is shown in figure 1 . The crystal structure projec^Uxl 
along 6-axis is shown in Figure 2. Bond distajices C(7)--C(8) aixd C(8)“C(9) in 
molecule B are rather long and are oxpocited to improve with further refinement. 
The Structure is stabilised by van der Waals forc<^s and a network of hydrogen 
bonds where infiniU^ chains of the raoletmlos are connected via the chloride ions. 
One of the molecules in the asymmetric unit (Molecule B) has a maximally 
extended side chain but t)\o other molecule has no aiu’h characUvristic. The 
detailed paper after further refinement with anisotropic temperature factors 
will bo published in due (jourse. Computations were carried out on Burroughs 
B6700 computer using mainly the modified version of “X-ray are ’ program 


i» 
• % 



Piguffc 2. The crystal structure projected along y. Solid circles denote 
ohloride ions. 
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ayatem compiled by B. L. Vickery, D. Bright and P. R. Mallinaon of Agricultural 
Research Council, University College, London. 


Table 2. Fractional atomic co-ordinates together with isotropic temperature 
factors 


Atom 

Molecule A 



Molecule B 


X y 

* b(A®) 

X 

y 

z 

b(A») 

CL 

00883 0-7106 

0-1491 

3*2 

0-6319 

0-4969 

0-0064 

3-4 

O 

-0-1892 -0-4062 

0-2608 

4-2 

-0-1396 

0-1228 

0-0764 

3-4 

N 

-0-4872 -0-2476 

0*1466 

3-2 

-0-0421 

0-4066 

0-0329 

3*1 

C(l) 

0-3104 -0*4639 

0-4334 

4-9 

0-0761 

0-0692 

0*4316 

4-6 

C(2) 

0*3637 0-4663 

0*3661 

4-6 

0-1024 

-0*0137 

0-3609 

4-2 

C(3) 

-0*6036 -0*4863 

0-3168 

3*6 

0-0417 

0-3085 

0-2694 

3-6 

C(4) 

-0-4162 -0-3664 

0-3474 

3-1 

-0*0481 

0*1719 

0-2467 

2-9 

C(6) 

-0*4621 -0-2786 

0-4246 

4-2 

-0*0808 

0*2498 

0-3227 

3-4 

C(0) 

0-3966 -0*3420 

0-4666 

4-8 

-0*0136 

0*1979 

0-4122 

4-3 

C(7) 

-0-2707 -0-2876 

0*3033 

3*6 

-0*1160 

0-2309 

0-1464 

3*2 

C(8) 

-0-3482 -0-1842 

0-2234 

3-0 

0*0344 

0-3414 

0*1266 

3-1 

C(9) 

0-6604 -0-0603 

0-2666 

4-2 

0-2268 

0-2673 

0-1237 

3*9 


Table 3. Intramolecular bond lengths (A) and angles (degrees) 



Mol. A 

Mol.B 


Mol. A 

Mol.B 

0-0(7) 

1-47 

1*44 

0-C(7)-C(4) 

106-0 

112-6 

N-C(8) 

1-48 

1*48 

0-C(7)-C(8) 

106-3 

107-3 

C(l)-C(2) 

1-47 

1*47 

N-C(8)-C(7) 

113-6 

108-0 

C(2)-C(3) 

1-43 

1-40 

N-C(8)-C(9) 

106-8 

109-0 

C(3)-C(4) 

1-41 

1-42 

C(4)-C(7)-C(8) 

114-6 

109-3 

C(4)-C(6) 

1-46 

1-41 

C(7)-C(8)-C(9) 

113*3 

112-2 

C(6)-0(6) 

1*46 

1-38 

C(3)-C(4)-C(7) 

123-8 

119-9 

C(6)-C(l) 

1*36 

1-39 

C(6)-C(4)-C(7) 

116-4 

119*2 

C(4)-C(7) 

1*63 

1*52 

C(3)-C(4)-C(6) 

120-8 

120-9 

C{7)-C(8) 

1-53 

1-60 

C(l)-C(2)-C(3) 

114-7 

120-4 

C(8)-C(9) 

1-67 

1-59 

C(2)-C(3)-C(4) 

123-3 

119-0 




C(4)-C(6)-C(6) 

116-7 

118-5 




C(6)-C(6)-C(l) 

122-6 

123-9 




C(6)-0(l)-C(2) 

122-8 

117-0 
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K'conversion coefficients of some transitions 
in the decay 

K Venkata RamaniaU, A. Ramanjanoyulu and K Venkata Rwldy 
Laboratories lor Nuclear Roscareh, Andhra University, Waltair 530003 
Roceivod 14 March 1979 


TJio intornal coiivorHioii .spoctriim of tho 12*4 year lia^ boon hUicIuhI 

for intornal oouvorsion ouoffioiouts of Hi fow nirong gamma IranHitionH. Tlvo 
soutco was obtaiiiod as EitCI^ in IfC.l st^hifion from Atomic Energy Estab- 
lijdtmont, Harwell, England, made of onricluH^l l^^Eu Bamplo by neutron irradia- 
tion. Sourcoa of 2 mm diamotor on mylar foils of thickness 180 /ig/cm* aro used 
for tho conversion oloctron studios employing an inU^rmtHiiato-image beta ray 
spoatromotor of thti Sii^gbahn-SIatis type in its best jierformanco conditions. 

-con version linos of tho intense gamma transitions only aro scanned. Initially 
tho spectrometer was calibrated using standard conversion lino energies. The 
exact conversion oloctron energies have been determined using tho calibration. 
The intensities of tho conversion linos aro obtained from tho area moasnromonts. 
The conversion oloctron spectrum was scamunl wiili difh^ront sources to obtain 
accurate data on (?loctron lino intensities. 

Tho gamma-ray relative intensities duo to Riedingor et al (1970) have been 
employed in determining tho if -conversion ooofficionts. Th.o gamma-ray and 
electron intensities have hwn normalised to tho 344 koV transition. The theore- 
tical a* (E2) value for tho 344 keV (0 031) from Hager and Seltzer (1968) tables 
has been used in calculating tho a* values of the remaining transitions. Tho 
conversion lino intensities are listexi in table 1 along with tho values of Malmaten 

Table 1. Conversion lino intonsitios of some transitions in the decay of “®Eu 


Energy 

(keV) 

244-7 

344-2 

443-9 

778-8 

867-3 

964-0 

1086-8 

1112-8 

140 ^ 


Malmsten 

et al (1966) 

630 

(20) 

72-0 


1-2 

(1) 

1-9 

(2) 

1*0 

(1) 

2*9 

(2) 

hi 

(2) 

20 

(2) 

0-82 

(6) 


Present 

work 

73-60 (14) 
100-00 
1-666 ( 21 ) 

2-866 (28) 

1- 333 (19) 
4-066 (33) 

2- 413 (26) 
2-860 (28) 
1-133 (20) 
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et al (1966). In table 2 the experimental values of Biedinger el al (1970) and 
Bzhelepov et al (1966) along with the present results are given and also the 


T»Ue 2. E ape riia aafad and tbaeaetiMl E-eoa v WMon eoeffisiepts ^ sonw 
tramitiona in the decay of 


Energy 

(keV) 

rt^of(lf70) 

Dsbe^pov 
el 01(1966) 

PMeni 

work 

Hager and 
Seltzer (1968) 

244-7 

344-2 

443*9 

0-080 (6) 
0030 

0 0046 <4) 

0-088 (9) 

0-0308 

0 0066 (4) 

0-0809 (34) 
0-031 (Th) 
0-0060 (3) 

0-0798 

0-031 

0-0049 

(B2) 

(E2) 

(El) 

778-8 

867-3 

964-0 

0 0017 (2) 
0-0080 (3) 

0 0023 (2) 

0-0019 (1) 
0-0029 (6) 
0-0026 (1) 

0-00191 (9) 
0-00276(18) 
0-0024 (1) 

0-0016 

0-0029 

0-0023 

(El) 

{B2) 

(B2) 

1065-8 

1112-8 

1408-0 

0-0026 (9) 
0-0017 (2) 
0-00046(4) 

0-0018 (3) 
0-0019 (1) 
0-00066 (8) 

0-0020 (1) 
0-00179 (9) 
0-00046 (2) 

0-0018 (E2) 
0-0017 {E2) 
0-00062 (El) 


experimental conversion coefficients are compared with the theoretical values 
calculated by Hager and Seltzer. ITio assigned multipolarities are given in the 
paranthesifi. 
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SOLAR ENERGY SOCIETY OF INDIA- 
EASTERN REGIONAL CHAPTER 


One Day Seminar On 

SOLAR PHOTO CONVERSION DEVICES AND 
THEIR APPLICATIONS 


Our present day energy needs are primarily met by fossil 
fuels. But increasingly higher demands of energy is likely to 
exhaust these within a few decades. Thus worldwide search 
for alternate and nonconventional sources of energy has begun. 
Photoconversion of Solar Energy constitutes a major thrust in 
this direction. The purpose of this Conference is to review 
the result of researches that are in progress on this topic in 
India. Moreover, the Seminar is intended to provide a plat- 
from where investigators can discuss their problems and new 
ideas and explore the possibilities of adopting measures for 
mutual co-operation on a long term basis. 

The emphasis of the Conference will be on the following 
aspects : 

(a) Silicon, CdS/Cu^S and thin film solar cells 

(b) Photo-electrochemical and photo-galvonic devices 

(o) Other types of solar cells 

(d) Storage and systems 

The seminar wUl be heldon the 29th November, Satnrday, 
1980 at Jadavpur University. 

Registration fee for non-members, members and students are 
Rs. 26/-, 20/- and 10/- respectively. 

Interested persona are cordially invited to attend the 
seminar. 

For further informatian please contact 


Prof. M. K. Mukherjee, Secretary -Pnaineerine- 

Dept, of Electronics & Tele-communication Engmeermg 

Jadavpur University 


Caleutta 700 032. 




tniian J. Phye. 53B 263*266 (I9t9) 


Angular dependence of polatrization of the radiation 
following photoionization and photodissociation 

Javed Husain 

Department of Physics, Columbia University, New York, N.Y. 1UU27, U.S.A. 
Keceivod 12 June 1678, rovigfed 6 December 1678 


Tl\o inoaauromynt of the polarization of tho light oiuittod hy an aJigiunl or 
oriontod syjatoni provides useful info^iuatiou about its density matrix elements 
(o.g. FoofiloY 1964, Case et al 1978). It is also vvell-kiiowu that tho spatial dis- 
tribution of the electrons in photoioiizat ion (Cooper and Zare 1969) and x>hoto. 
fragmonts in jihotodissociation (Siaions 1977) is asymmetric. Since spatial 
asymmetry and aligiiinont or orientation are both intimately cojuiected through 
tho principle of angular momentum cojiservation, Caldwell and Zare (1977) 
recently demonstrated that tho ions forminl in photoionization are aligned. In 
an experiment involving tho photoionization of Cd atoms by He II radiation 
thoy found ~ 5 and 10% polarizations in two transitions of ik \ ' . In 1968, Van 
Brunt and Zare xioiutwl out that in some cases the fluorescence from i)hoto- 
fragmonts is likely to bo iiolarized. This has been observed to be true for tho 
CN (Chamberlain and Simojis 1975) and OH (Macx)herson and Simons 1977) 
radicals. Most recently Grader et al (1977) have found that the emission of 
LI transition radiation from the photoioii of uranium is asymmetric, with the 
asymmetry being ~ 6%. The observation of tliese effects h^ads us to tlie con- 
clusion that tho polarization of the radiation omitted by tlu» i)hotoion (or th > 
photofragment) will also be asymmetric. Such an asymmetry has practical 
conseqiteiices for tlie size of the ajxrtures that can bo used in experimental 
situations. Corrections that need to bo applied in these experiments are dis- 
cussed in this letter. • 

We first derive an expression for the angular di^pende nee of the polarization, 
P(d). In order to do this wo take recourse to the notation of Ferguson (1965). 

Taking the alignment of the photoion or the photofragment to bo along the 
5 -axis the angular distribution of tho radiation in the dipole ajiproximation is 
given by 

kn 

^ la; hk)pj„,{n, o)6*n**(l 1) 
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Hero a and b are the angular momenta of the initial and the final states of the 
ion or the photofragmont, a) is tho density matrix, <b 1 1 1 j a> is the transi- 
tion amplitude, W(la,la\bk) are the Racah coefficients and 1) are the 
radiation parameters given by 

e*o"(l 1) = V- (1 1,1 -1|*0) (2) 


‘:*±2“(1 1) = (1 1,1 l|fc2) (3) 

whore ( | ) are Clobsch-Gordau coofficionta. 

Tho degree of polarization P(0) is now given by 

pm = iy(<i,o°)-m9o°) (4) 


Substitution of equations (1), (2) and (3) in equation (4) yields 

^\/5W(la la ; h2 )p^^{a, a) sin^ 9 

l(.}y/2W(ia lo; 60)poo(“, a)+V^^(l“ 1®! ^2)p2o(®, ®)(3 cos® 0—1) 

( 5 ) 

This result can be exproas(»d in terms of the degree of alignment of tho ion or 
phototragment, 

A ^ : 

Poo 


_ 3-\/51^(la 1«; b2)8in® OA 

^ ’ ~ 10^/2W{la la; bOl+VSlflloTo- WKS^* 


( 6 ) 


For tho sake of comparison of this result to tho experiment of Grador, Oliver 
and Ebert (1977) wo would like to express P{0) in terms of /?, tho asymmetry 
parameter for tho emission of radiation whose polarization is not detected. This 
can be done by choosing appropriate values for tho radiation parameters in 
equation (1). Tho result of tho calculation yields 

W(0) = (1 +/?P2«(cos 0)) (7) 

47r 

where Wtot is fh-o total cross-section and /? is given by 

^ = I W(lala;b2)A. 

2 
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Thus in torma of /?, P(0) becomes 


Pm = 


S pain g q_ 

2v'16a(-l)3«+6ii H^(ia la; W)+/?(3 coa* 0-1) 


( 8 ) 


Conaidor now the LI — %.h ^ 
Oliver and Ebert (1977) with /? ~ 0-062. 


transition in tin; experiment of Grad<»r, 
We obtain 


P{0) = 


3 sin^ 0 

143-26+3 eos2 f/ 


Now a typical aperture subtends an angle of about 10". This eorresponda, for 
0 = 90", to a change in the dc^groo of polarization from its 90° vahxe by 2-9%. 
This is a moa.surable change and needs to be taken into account. 

Thus by analyzing cixistirig experimental data we have demonstrated the 
need for applying corrections duo to finite aperture size in experiments involving 
measurement of polarizations from excited, ph.otoions or photofragments. The 
average polarization measured from oxjK'riments is given by 

/ W(0,<j>)P(0)dQ 

aperture 

p~ - ~f " 

apeiture 

with P{0) given by (5) or (6) and W(0,^) by (7). 

It is w'orth noting that (Hpiation (6) can bo used for calculating the dogroo 
of alignment A from the m-sasured value of th.e degns! of polarization P(0) at 
the angle 0. A or /? can. h"* conveniently obtaineii from oquationa (6) or (8) ^ ' 
measuring P(0) at only one point. On the other hand the use of equation (7) 
requires two moasuremonts for obtaining the value of A or /?. 
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Abatract. In this paper vertical drift velocity during Solar Flare of 7 August, 
1972 has been calculated for two electron density distributions namely (1) 
Chapman-like distribution and (2) exponential distribution. The results obtained 
thereof are compared with observed drifts obtained at Millstone Hill 
Observatory and predicted drifts by Mendillo and Evans (1979, 1974). 

Introduction 

It ha8 boon observod that during sunriao thoro a marked upward, and during 
sunset downward drift in the upper atmosphere. These drifts are related with 
expansion and contraction of the F layer ionosphere (Evans 1969). Mendillo 
and Evans (1973, 1974) have reported for the firs^ time that there is a large 
upward surge of electrons in the topside F layer during solar flare of August 
1972. They have also obtained theoretically the values of the vertical drift 
velocity arising duo to enhanced electron density and electron and ion tempera- 
tures and have found that the predicted vertical drift velocity is much larger 
as compared to the peak observed drifts. Mendillo and Evans have tried to 
explain this discreponcy on various convincing grounds. In this paper, wo 
estimate the vertical drift velocity taking the different electron density models, 
namely, Chapman’s distribution which is universally used and the exponential 
one which has been taken by Mendillo and Evans (1973, 1974) but with a different 
height gradient. The latter model has been in closer proximity with observed 
electron density than that of Mendillo and Evans. 

Finally we have made a comparison of predicted and observed drift velocities 
tad have tried to explain the discrepancy. 

2 . Theory 

In the topside F layer a Chapman-like distribution of electron density is given by 

= (la) 


266 



Vertical drift vdocity in the topside F layer 267 

where the constant c ia either 1 or J {Riahhoth 197J). On the other hand for 
exponential decay the distribution can bo written as 


^ Nzo oxp ) j 

where 

electron density at jP lajw maximum b.aving height Zp 
N zo — elwtron density at tho reference level Z„ 

Nz — electron density at level Z 

^F> ^o> ^ all moas^ed from the (earth’s surface. 

Scale Height -= HTtr{-Tt)lmtg. 

Expressing Np in terms of Nzg, equation (la) can be modifiwi as 


Nz = ^z«oxp — c 


Z-Z. 


■ -r 


^ — Zp 
■* “ /f 


-p. 


’ }£ ■ 


)]■ 


(Ih) 


(Ic) 


Lot us assiumo that al)ovo .some roforonco lovol in tlv^ topsido F layor tho 
prcKlnction and Iohs rat(»,s of oloctronR aro oaiih siuall and oqual and tl\o plasma 
tomporaturo is constant with height. Tho total numhor of (doctrons ahovo 
will bo obtained hy integrating either equation (lb) or (Ic) w.r.t. height within 
tlio limits Zq and oo. L(^t us suppose tliat it is gir(m by whore the constant 

/? depends upon tlio typo of disti'ilmtion takon. Again assuming tliat tho tem- 
perature of the region increases uniformly so that S(;alo height Hj and electron 
density Nzq S't tlv’ reference level, change at a constant rate, the total electron 
(jontent in the topside F layer abovt^ Zq should ch.ange at a rate given by 

ill = 

pNzo + pll (2) 

This can ho achiovo<l il thoro is a ftux of ionization through Zo having spood Vzpt 
so that 


NzoVzo-=fiNz,^^“ +/iH. 


dNzo- 

dt 


The vortical drift velocity at tho roforonce lovol is. thoroforo, given by 


Vzo^fi 


dH 

dt 


+A 


H 

Nzo 


dNzo 

dt 


(3) 


(*) 
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Similarly the velocity at any altitude above the reference level (topside F It^rer) 

IS. 




(5) 


(a) Chapman* s Distribution 

For thifi distribution tho timo rato of tho oloctron density is obtaiuod by 
differentiating equation (lo) with time, i.e. 


L Z^—Zp 

^ 7/2 


e~ H 


)] 


X 


xexp 


[-«( 


Ij /j 


- )i 


(6) 


Substituting values of Nz and from equations (Ic) and (6) respectively 
in equation (6), we obtain 

''' - ^ Jr- ' (^- '^r'’ 


Z-Zp 


I Z,-Zp - 
^ H 


Z^—Zp 




dH 

dt 


(7) 


(b) Exponential Distribution 

Starting with equation (lb) and proceeding aa before we obtain, 

(-■#)■ <«' 

Substituting Nz and from equations (lb) and (8) in equation (5), we got 
at 

A oompariaon of tho expressions (7) and (9) of the vertical drift velocity for the 
two models shows that the pressure term (Ist term) is independent of height 



m 


VcTticcd dvift velocity in (he topside F layer 

whilG the thermal term (2nd term) ia height dependent. The comparison also 
shows that the pressure term is same for two models while there is a markcKl 
difference for the thermal terms. 


3. Application to solar flare of 7 Angnst 1972 

The electron density profiles woro obtained by Mendillo and Evans (1973, 1974) 
during three consecutive runs each of 34 minuWs before, during, and after the 
occurrence of maximum flare aidivity. In examining the topside profiles they 
have observed that electron densities were enliancod at all heights above the 
maximum ionization of tl\e F layer. At the same time they observed a largo 
upward drift at altiiude»s above 370 Km at the p^ak flare activity. They have 
t)bHorvc5d that the solar flare has a gfow^tli time A/ = 10 initr and tb.e following 
associat(Mi quantities at the rc^feronce level Zq — 525 Km. 

JVzo=- ll*8xl04el./cm» 

AiVzo -- 1*5X104 el./cm3 

Te+Tt 4860 K -> // 300 km 

Ii(Te+Ti) = 440"K -> Alf = 24*7 km. 

The Iveigb.t of p)ak ionization density of F layer is taken as 296 Km. 

Substituting the values of Zq, Zf and tl\e total electron content above the 
reference level Zq is 


j Nzdz -- 1*85 NzoII 
*0 

= I'OJ Nzo^t 
^ 0*63 NzqJJ 


for Cliapman di>stribution with c == J- 
h»r Cliapman distribution with, o == 1 . 
for oxperimojital distribution with 
a ~ 1*6. 


giving the respective values of Uie 
0*63 respectively. Tlio expressions 


proportionality constant as 1-35, 1-01 and 
of tlio vortical drift velocity then becomes 


Fz = 64-64- 14- 


300' 


, ^-296 2^. 

2—296 — 300 _i e”300 I 41-6 m/aec. (10a) 

-SOir 300 J 


for Chapmaai distribution with o = 1, 
Fz = 11804- 


r , 1 1 

I 2-526 

Z- 296 

2-296 ^ 300 . 

229 - 
1- ^ ® 

- 

300 ) 

j 76-0 


i 300 

300 

' 300 

/ J 



m/soc. (10b) 
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for Chapmtui distribution with c = |, and for exponential distribution we obtain 


Vz = 4ti0+ [l+l-6 26-7 m/sec. (11) 

Vortical drift velocity h.aa boon calculated for Chapman’H distribution for c = I 
and J and for exponential J\aving a == 1*6 at altitudes of 625, 600, 676 and 760 km. 
The drifts associated with thermal term together with the peak observed drifts 
have boon given in figure 1 and table J. 

* Peek observed drift 

— Therm ol drift for Chopmon-llUe distribution with C=1/2 

.. C = 1^ 

tf •» •• exponential *» " oc = 1.6 



Figure 1. Comparisoti of observed drifts with those computed for Ohapman^s 
distribution and exponential decay. 


Table 1. Vertical drift velocity during flare of 7 August 1972 


Altitude 

(Km.) 

Predicted thermal drift (m/seo) 

Peak observed Chapman’s distribution Exponential 
drifts c as 1 0 as 1/2 distributions 

(m/seo) a =* 1.6 

525 

34.2 

41.6 

76.0 

26.7 

600 

42.4 

76.2 

107.0 

35.9 

676 

55.1 

84.1 

115.3 

46.2 

760 

04,7 

97.6 

127.6 

66.6 

4. Discussion 

' 



• 


From figure 1 it is clear that the predicted thermal drift for exponential distribu- 
tion with a = 1*6 gives a good agreement with the peak observed drift. Specifi- 
cally, the height gradient of the two is nearly equal. Large deviation in Chapman 
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distribution may bo attributod to tlve disagroemont in tho electron density with 
the observed one (see tabic 2). 


Table 2 . Observed and calculated electron deneitioe during flare 7 August 11)72 


Altitude 

(Km.) 

Observed 

(enr®) 

Chapman*8 

distribution 

Exponential decay 

c = 1 
(cm"*®) 

c = 1/2 
(cm“®) 

CL = 1.0 

OL 1.0 

(om-») 

525 

11.8xl0‘ 

11.8x10* 

11.8x10* 

11.8x10* 

11.8x10* 

600 

8x10* 

10.2x10* 

11. 0x10* 

9.0X10* 

7.8x10* 

676 

6.6xl0‘ 

8.6x10* 

10.1x10* 

7.1x10* 

6.3x10* 

750 

4.0x10* 

7.1x10* 

9.7X10* 

6.6x10* 

3.6X10* 


If WO add Homo fraction ( 7-/> ih/hoc) of tho l\oigl\t indopondont drift 

(proHSuro-torm) to tho prodictcul thormd drill, a\o then nlunild Bough.t for an 
explanation for a conatant term of 32*5 m/soo. [n oxatuining tho poHKiblo caiiHOH 
for tho upward aurgo, Mondillo and Evans (1973, 1974) Jtavo shown that tho 
component of tho cross field olectrodynaniio drift (£xJ5) in downward having 
a value of about 10 m/soo at tho F region (RiHld)elli and Garriot 1969) and rtliould 
assontially remain unchanged during flare at Millstone Hill Observatory (42*6°N, 
71 *6® W, 72*^ dii> angle). Thus E''<B drift wluch, is ]\eigi\t-indopondont and 
directed downward will cancel ib.o large pressure term at least in part. 

Mondillo and Evans (1973, 1974) l\ave also pointed out tliat the possibility 
of a downward drift arising duo to travelling ionosph.eric disturbance at the 
time of solar flare can lu^t bo ruled out. The third possibility ot a loss observed 
drift at tho time of flare may be caused by the excM>ss x>roducdion of oUnstrons 
above tho reference level tb.an its roc^ombination. In establisliing tho relations 
of the vertical drift velocity, we h.ave assxinUHl that above the reference level 
the production and loss rates of electrons are each, small and equal. However, 
if there is excess production of electrons than their loss at the time of fl.are, lossei 
number of electrons will be required to move upward in order to maintain hydro- 
static equilibrium, which, in turn, shows that the actual velocity of electrons 
should be essentially lessor than that obtained theoretically. Mondillo ei al 
( 1974 ) have shown that of 3*79xl0i« el/m^ sudden increase in total electron 
content nearly 25% is coiitributtni from regions above 375 Km. If tl\o region 
above 525 Km is considered to l\ave negligible electron produc+ion then to explam 
such a largo change in tho total electron content restricted to tho 375-~525 Km 
altitude range would bo an impossibility. Tins is simply because one can not 
assume an abruptly larger value other than zero for the production rate of electron 
below 625 Km. The excess production rate of ek^ctrons, tliereforo, can also jo 
thought to have an exponential nature decreasing with height. 
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Mondillo and Evans (1973, 1974) have calculated the predicted drift velocity 
asaumin^ an exponential diiatribution having cc ^ 1 and have obtained 

Vz = 63-8+ (l+ ) X411 m/sec. (12) 

Sotting aside tiio larger preaHnro term even the predicted thermal term is 
largo as comi>arod to the peak observed drifts at all heights. For the cancella- 
tion of the large pressure term, they have significantly pointed out that 

(1) the large scale height resulting from high summer day-time temperature 
may cause large vertical drifts even for small changes in Nzo, and 

(2) inadequate time resolution for electron density changes at reference 
level may also i)roduco considerable uncortainity. 

For example, if one takes the growth time of the solar ftare equal to 34 min. 
(the time for the individual run at Millstone Hill Observatory) instead of 10 min., 
the pressure term will lead to an upward drift of 19 m/sec instead of 64 m/sec. 

Both the reasons seem to be untenable. The large scale height in summer 
day time should result in large upward drift if the physical process for lifting 
the ionosphere is the same as we have considered. The largo scale height can 
not be considered to give erroneously high values of upward drifts. 

As regards the second reason, iixadoquatc time resolution for changes in the 
electron density at Zq will certainly result in xvrong upward drift. To take 
= 34 min is certainly not justified because the predicted thermal term will 
then reduce by a factor of 0-29 at all heights. 

In the calculations we and Mendillo and Evans (1973, 1974) have taken 
equal growth times (A( = 10 min) both for electron density and electron ion 
temperatures. However, from the figure of combined electron and ion tempera- 
ture A^ can bo roughly approximated to 20 min. instead of 10 min. This in turn, 
will reduce the predicted thermal drift, bringing the total calculated drift in 
close vicinity of the peak observed drift. Therefore the possibility of unequal 
growth tunes for electron and ion temperatures and electron density can not 
also bo ignored. 
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Abstract. Tlie problem of chmrgo transfer in alpha par tide- hydrogen atom 
collision has been investigated in the atomic thioo state approximation taking 
into account the momentum transfer: The possible staies in which the 
electron is considered to remain before and after the collision are the ground 
state of hydrogen atom anti Is and 28 states of singly ionised helium atom. 
Probabilities of charge transfer for fixed scattering angle 1. 2^ have hcen 
calculated and have been compared with the existing experiment. 


1. IntroductioiK 

The experimental findings of Koover and Everhart (1060) for t3\<^ process of charge 
transfer in alpha particle hydrogen atom (collision, covering the energy range 
2XeV to 200 KeV, is of special interest hecaust^ of tlu^ possibility of acckhmtal 
resonance in the charge transfer process. Fite, Smith and Stebbings (1962) 
ha»ve earlier measured the total charge transfer (tross section for this process in 
the energy range 0,1 KoV to 36 KeV, In the theoretical treatment of Bates and 
Lynn (1959) the authors have indicated a qualitative difference between the 
cases of accidental resonance process and symmetrical resonance i:>roc(\ss. Tlu^ 
Charge transfer cross section in tlu' former case falls to zero in the zero velocity 
limit, whereas, in the latter case it approaelies infinity hi the same limit. Basn 
et al (1967) have formulated the problem in a five state approximation negl(K;ting 
the momentum transfer and have found that- tlu^ general tendency of tlieir theo- 
retical curve for total (diarge transfer cross section, is to approach zero in the 
zero velocity limit as has been remarked by Bates and Lynn. The theoretical 
treatment of the problem by MoCarroll and McElRoy (1962) omjdoys two state 
approximation which includes only the initial state and ground state of singly 
ionised heUum ion, McElRoy (1963) has extended the work by including along- 
with the ground state of liydrogen atom any one of the 2s and 2p states of singly 
ionised helium ion. His result of the total cross section near 30 KoV, whore the 
experimental peak is observed, is too high and ho affirms reliability of the results 
above 100 KeV. Schiff (1964) has made calculations for total charge transfer 
cross Section using the Born approximation in the energy region from 100 KeV 
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to 1 MeV. Recently Malaviya (1969) and Rapp (1974) have investigated the 
I)roblom and have caloitlated the total charge transfer cross section in alpha 
particle hydrogen atom collision. 

In the present investigation we have considered the collision process in which 
tlio electron is initially in the ground state of the target atomic hydrogen and 
after the impact it either remains as such or is captured by the incoming alpha 
paiticle to form tJio singly ionised helium ion in the ground state or in the excited 
2$ state. The solution of the time dependent Schtodinger equation represents 
the electron state at any instant. A trial wave function which is formed by 
the linear combination of all possible states with time dependent coefficients is 
taken as an approximate solution of the Schrodinger equation. Using a varia- 
tional method (1960) we minimise the variation integral and obtain a set of coupled 
differential equations. The solution of this set is equivalent to the solution of the 
Schrodinger equation. To determine the impact parameter p at a fixed scattering 
angle w© follow Evwhart el al (1955). We take the mass of tlie alpha particle to 
be three instead of foxxr, for convenumce of comparing our results with tl^o 
experiment. 

2. Theory 

We consider that the alpha particle and the proton move with uniform volo- 
cities, with their centre of mass at rest. Initially the electron is bound to the 
proton in its ground state, t == i) being the instant wlien the alpha particle and 
the proton are closest. 

Let B bo the position vector of the alpha particle relative to the proton and 
^A> and r the position vectors of the electron relative to the proton, the alpha 
particle and the centre of mass resjpeotively. v is the velocity of the alpha particle 
relative to the hydrogen atom. The Hamiltonian in atomic units for the motion 
of the electron is given by 



1 

rs 


The variation int(^gral which leads to the Schrodinger equation, Hi/r 

ot 

is given by 


- 2 / ^ + i^ ^ ] dvdt 

We take, as an approximation to i/r, the trial wav© function 


( 1 ) 
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ift tho Ls state of hydrogoTi atom and xjro are rospootivoly tJ\(> and 2^ 
dtatoa of Binglj'' ioni^tKl hiliuin ion. RopJacing \[r by and minimising tho 
variation integral for small variations of Ai, and oiv> got tl\o following set 
of coupled differential equations 


-di+.7iiJ5i+.9i2-B2 — 

5^21 + ~ *^21 •^l l'*^'22 -^21 

whore Cmn = f^mw+ ,7 (7mw? (^mn ^ 9tnn 


( 2 ) 


in whicjli 


- 2 , — 
J^mn ™ J dl ” 


Fn,n'= S fuf 


lu - -2 ; >pm H- pn fO’ 




9mn — J ~ Qnm 

The matoix elements Ff^n ^-^id Fmn have been evaluated analytically. 


(^+0 ] 

i-(l ' 1 ’+''+''“) 


e is the difference in the binding energies of the ground state and the e»ci^ state 
(n = 2) of singly ionised helium ion. The probabilities of scattermg and charge 
transfer in different states of singly ionised helium ion are found by squaring e 
absolute values of the coefficients A,it) and Pn{t)t at infinite time. 
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3. Numerical method and reeulte 

solve the above set of eqs. (2) numerically by Runge-Kutta method. With 

the help of (2) it is seen that the imitarity of J V is preserved at all times 

and wo employ this fact as a chock on the solutions of the differential equations, 
at any instant. Those matrix elements which can not be evaluated analytically 
are determined following the method proposed by Chatter jee ei al (1967) and are 
expressed as combinations of integrals in time, with coefficients of the form 
where m is an integer. The above integrals in time have been calculated nu- 
merically using the six point central difference method. The real and imaginary 
parts of the matrix elements are found to be cither symmetric or antisymmetric 
in time. 

In the figure we liave compared our theoretical results of total charge transfer 
probability covering the energy range 7 KeV to 80 KoV, with the experimental 
results of Recover and EvorJ\art. There is little oscillation in our theoretical 
curve, compared to the experimental curve. There is only one pc^ak and one 
valley in our theoretical curve, whereas the experimental curve shows a nnmb(^r 
of peaks and valleys. 



Figure 1. Charage transfer probability at 1.2° scattering angle in the 
Laboratory systrm. 

Present theory 

Keever and Everhart (experimental) 


Wo plan to include in our future investigation, the accidental resonance states 
2pg and 2^^^ of He+ ion, in addition to the 2s state. 




Pr6b(MUty of charge, tramsfer ek. 
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In view of the recent papers by Alix, Muller and Mohan (1975) and Sarkar and 
Singh (1976) establishing the equivalence of Peacock and Mullers (1968) L matrix 
approximation method and kinetic constant method (Thirugnanaaambandam 
and Srinivasan) (1969), for the solution of second order secular equation in mole- 
cular vibrations, it is interesting to study whether similar equivalence holds in 
the (3x3) eigenvalue problem. In case of third order eigenvalue problem one 
has to calculate six distinct symmetry force constants with only throe experimen- 
tal frequencies. Calculation of symmetry force constants uniquely is not ijossible 
in such cases due to insufficient information. 

Peacock, Heidborn and Muller (1969) have given the following explicit 
formulae for the approximate solution of the problem in third order secular 
equation in molecular vibration by an extension of their L matrix approximation 
method viz. ^ -^23 

[KA+W+-^^^]I0,^A 

j, _ (AjGijDetG+AaBG) 

- jDite 




A,C 

DebO 


— 




i’ 


22 — 


A,G'uD©tG+A,J5* 

JDetG 




Det(? 


(la-f) 
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where 

A = (^11022"“ ^12^) 

■B=(G'ixG* 3 -<?iaGi 3 ) 

^ — ^^^13^22) 

where the aymbols have twual moaning. 

Thirugnanasambandam and Mohan (1975), Thirugnanaaambandaiu and 
Karunanidhl (1977) oxtondotl tlioir kinetic conKtant method for the third order 
problem by generalising the constraint used for the second order problem viz. 

§ir^) 

F„ O}-^) 

in particular for tlie third order problem this becomes : 

Zy = _(Ol2«a3-(?22«12) 

^22 t?33-l) (©uGas-G^*) 


•^13 •^ls(~ Gj3 '^) _ ^^3^23 (J 2-^13 

and 

.Zm = Z_ 2 *(.“ = _(ZnG 2 .,-Gx 2 ^n 8 ) 

■^33 •^83(~ ^33~^) (GjiGaa Gj 2 *) 

Riglit hand aide of (3a, b, c) are constants depending only on the masses aaxd 
geometry of the constituent atoms and independent of frequency. Hence one 
can eliminate three of the symmetry force constants from the three equations 
as such one can calculate the force constants. 

On the other hand from equations (la— f) one obtains : 

jPia _ (^2^13 Hot G+^gBC) 

(AjGuDetGTXs^) 

F 12 _ (GiaGga G^G^a ) 

F 33 (G 11 G 33 Gi3*) 

and 

J ’*3 (G xxGga— GigGia) (4a, b, o) 

FZ~ {GnG22-GJ) 


( 2 ) 


(3a, b, c) 


3 
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F 

From (3a, b, c) and (4a, b, c) it is evident that excepting the constraint-^ 

X22 

F F 

the other two constrainta viz. ^ and ^ are identical. Thus one may conclude 

•^33 -^33 

that use of the generalised constraints prescribed by kinetic constant method 
cannot lead to identical force constants obtained by using the Peacock, Heidborn 
and Mullers (1969) method. 


Partly to verify our contention and paitly to draw suitable conclusions, 

( F F F \ 

~ ) calculated 

•^22 •^83' 

by these methods for twelve tiigonal bipyramidal molecules of the type XY5. 
The relevant frequencies are listed in table 2. 


Table 1 . Ratio 'a of symmetry force constants of some Trigonal Bi-pyraniidal molecules 
of the type XYg. 


System 

■pk 

■f’la 

Paa 

Paa 

mxlniy 

Method 

JSfbFg 

0.3097 

0.2689 

0.1652 

4.89 

K 


0.3286 

0.2689 

0.1652 


P 

NbClj 

0.4245 

0.3774 

0.2180 

2.62 

K 


0.6101 

0.3774 

0.2180 


P 

NbBfe 

0.5571 

0.6096 

0.2942 

1.16 

K 


0.8176 

0.6096 

0.2942 


P 

TaPs 

0.1995 

0.1694 

0.0978 

9.62 

K 


0.2082 

0.1694 

0.0978 


P 

TaCls 

0.3020 

0.2618 

0.1511 

6.10 

K 


0.3853 

0.2618 

0.1511 


P 

TaBrg 

0.4508 

0,4029 

0.2327 

2.26 

K 


0.5911 

0.4029 

0.2327 


P 

PFg 

0.5063 

0.4582 

0.2646 

1.63 

K 


0.7177 

0.4682 

0.2645 


P 

M 0 F 5 

0.3039 

0.2635 

0.1522 

6.05 

K 


0.3346 

0.2635 

0.1622 


P 

GeClfl 

0.4683 

0.4202 

0.2426 

2.05 

K 


0.6383 

0.4202 

0.2426 


P 

SnClj 

0.3794 

0.3342 

0.1929 

3.35 

K 


0.4917 

0.3342 

0.1920 


P 

AsFji 

0.3491 

0.3055 

0.1764 

3.64 

K 


0.4511 

0.3056 

0.1764 


P 

VFs 

0.4203 

0.3734 

0.2156 

2.68 

K 


0.5891 

0.3734 

0.2166 


P 


K 3 B Kinetic constant method 
P « Peacock, Heidborn and Mullers method 
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TaUe 2. 

Fundamental frequencies 

(in cm- 

of some XYe 

type molecules 

Molecules 

•'i 

V2 

>^8 

Ref. 

NbF, 

726 

253 

226 

a, b. 0 

NbClfl 

492+ 

180 

54 

a, b, c 

NbBr^ 

367+ 

119 

67 

a, b, c 

TaFg 

713 

245 

213 

a, b, c 

TaCl, 

468^ 

181 

54 

a. b, 0 

TaBr, 

306+ 

110 

70 

a. b, c 

PF, 

1022 

533 

300 

d 

MoFg 

730 

250 

203 

e 

GteClB 

398 

200 

115 

c 

SnClg 

359 

160 

89 

e 

AsF. 

811 

372 

130 

d 

VF, 

810 

282 

109 

d 


Estimated frequency, 
a So S P 1976 J. Mol. Struct. 16 311 
b Kebert D L and Nyholm R S 1965 ,7. Chcm. Soc. 28 71 
o Walton R A and Brisdon B J 1967 Spectro. Chim Acta 28A 2489 
d Sleight H Holloway J H, Tyson J and Classen H 1970, J. Chcm. Phys. 53 2259 
e Beattie I R, Gilson T, Livingstone K, Fawcetl V. and Ozin O.A. 1967 J. Chew. Soc. 
A712 

From table 1 , it is fomicl that the force constants calculated by 

Peacock, Hoiclboru and MuIUts (1969) moth.od are sliglitly greater than those 
calculated by kinetic constant meth.od. Furtlu^rmore the difference dependh 
on the mass ratio The greater the mass ratio the smaller the difference, 

indicating tl\at only in case of larger mass ratio tl\e force constants calculated 
by those metliods will be approximately equal. 
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Abstract. The infrared absorption spectra of 2, 4, 6-triamino-pyrimidine have 
been recorded on Perkin Elmer-521 spectrophotometer in the region 250-4000 
cm”^ in KBr pellet and nujol mull. The spectra have been analysed assuming 
point group symmetry. Probable assignments to observed bands have been 
made and discussed and correlation with the fundamentals of pyrimidine has 
been made. 

1. Introduction 

Pyrimidine, cytosine and their derivatives are of considerable biological impor- 
tance, even then very little spectroscopic studios are reported for them in litera- 
ture (Ito et al 1956, Lord et al 1967, Simmons and Innes 1964, Sbrana et al 1966, 
Sarma 1974, Nejad and Stidham 1976, Goel et al 1976, Allenstein et al 1977, 
Job and Kartha 1977). As a part of otir research project on JV-heterocyclic 
molecules, we have recently studied the vibrational spectra of 2-mino-4-mothyl 
pyrimidine and 5-mothyl cytosine (Goel et al 1976), amino-methyl pyridines 
(Goel et al in press) and 3,6-dichloropyridazine (Goel et al 1979). In order to 
extend this work, the molecule 2,4,6-triaminopyrimidine has been undertaken 
at present for its vibrational studies. It is difficult to interpret the spectra 
of such molecules because of their high complexity and low symmetry. In 
absence of Raman spectra with depolarisation data and vapour phase infrared 
spectra the present assignment of observed bands is based mainly on the group 
frequency approach and on the analogy between the spectra of similar molecules. 


^Address to whom all oorrespondeuoe should be made. 
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Infrared absorption spectra 

2* Experimental details; and results 

Pure chemical obtained from M/S Tokyo Kosoi Kogyo Co. LUl., Tokyo, wore 
used as »suoh without further purificatioii. The infrarod aT)«orption spectra have 
been recorded on Perkin Elinor 521 spectrophotoniotor in KBr pellet and Nujol 
mull in the region 250-4000 cm"*, Th.e Hpoctromeior was calibrated by running 
the spectra of a thin sheet of polystyrene. Tl\e observed bands alongwith their 
intensities and their propoS(yl assignm(«it are pre*sented in table 1. Th.e funda- 
mentals have also boon cor relabel with. th,o of pyrimidino-c^g (Nejad and Stidham 
1976) in table 1. 

3. Results and Discussion 

The structure of several pyrimidine compounds h,av(^ Ixvn (letermiiKKl (Lancaster 
and Stoicheft 1966, Wheatley 1060) ar^ in all cases th(^ molecules were found 
to bo planar. Assuming NHa groups as single mass points, th.e present mohxmle, 
2,4,6-triaminop3'rimidin(^ \v()uld belong to point grouj) symmetry and its 
24 normal vibration>s shall be distributed as Apart from 

these 24 vibrations there will be 18 group vibrations due to the substituents. 
All these vibrations are active in both, Raman and infrared, excei)t those belong- 
ing to symmetry species ^2’ 'vhicli are only Hainan activ(^ 


3.1. Spede-f^ /Ij 

One C-H stretching vibration 20a has becMi assigned at 3109 cm ‘ the 
present moloCTxle. Out of the three X-sensitive stretching vibrations v, v„ 
and .>,6 (Bo) only one at 1244 cm'' has been obsorv.sl in the present cas«, and thus 
has bwn assigned to tlw O-NH^ strotcliing mode. Tn substituted benzenes the 
frequency of one of thc» two ring modes and decrease, s to -8-0 cm- wlulo 

the other remains at -1000 cm h Recently Patel H al (1973) have shown th.a 
for different substituents as well as suhstitutieix at different positions m benzene 
it is the potential energy .listrihution of th.e snbstitnent sensitive moelo that 

closely corresponds to r, in benzene. We have assigmsl the very strong b^ds 

ill .t ,9« .»<l cm- . U, , J.. 

a.oig„m.nt« a™ »l»o in agreanMit aiti, tl.o» '>y "”®! ' 

P.mmidiao «„1 .lob a,,,. Karth. (1«77, ca«, of 4- and 6. 

methyl pyrimidines. 

V o4 A7ft nni-i ill nvrimidine was assigned to v^a vibration of 
The Ram» hno at 678 m m W 

A, .p«»« by Smmon, and ' J ‘ ^ ‘ „ „„ „„„ „.t„ of 

in the U.V. band spectrum and b> Mrrana e ; 

polarisation of th^ molecule. The and vibra- 

has been assignotl to this mode u t P ^ ^ rospoctivoly in 

tions of A, species have been identified at 15^^ci i* ^ 

the title coWoun^i- These vibrations Wo assigned at 1670 cm «it 
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Table 1. Assignments of fundamental frequencies of 2 , 4 , 6-trlamino-pyrimidiiie 
and oomparison with those of pyrimidine 


Symmetry 

Species 

Vibration 

number 

Pyrimidine'*' 

Wave 

number 

(cm~^) 

2, 4, 6-Triamino Pyrimidine 
wave-number 

in in 

KBr Nujol mull 

om~^ Int. om“i Int. 

— Description of mode 

Ai 

20a 

3074 

3109 

R 

3109 

ms 

C-H Stretch 


2 

13 

3052 

3038 

1244 

Vfl 

1240 

sb 

C-NHa Stertch. 


8a 

1664 

1550 

vw* 

1569 

sb 

ring stretching 


19a 

1398 

1430 

vs 

1446 

sb 

ring stretching 


9a 

1139 

327 

m 

326 

•m 

C-NHa i.p.b 


12 

1065 

990 

vs 

980 

vs 

ring planar deform. 


1 

992 

796 

vvs 

796 

vs 

ring Stretching 
(breathing type) 


6a 

678 

580 

m 

578 

mw 

ring planar deforma- 
tion 

B, 

7b 

3086 

1244 

vs 

1240 

sb 

C-NHa stretch. 


8b 

1568 

1S81 

V8>) 

1570 

sb 

ring stretch 


19b 

1466 

1464 

wb 

— 

— ■ 

ring stretch 


14 

1370 

1384 

— 

— 

— 

ring stretch 


3 

1226 

386 

mw 

386 

m 

C-NHa in p.b. 


15 

1159 

1159 

vw 

1154 

msb 

C-H i.p.b. 


18b 

1071 

376 

' mw 

376 

m 

C-NHa i.p.b. 


6b 

623 

540 

ms 

540 

s 

Bing planar deforma- 
tion 

A2 

16a 

399 

390, 

m 

400 

m 

Bing non-planar def. 


17a 

1870 

— 

— 

— 

— 

— 


Ba 6 980 — — 

11 811 780 sh 

10b 721 — — 

4 708 719 ms 


776 

m 

C-H o.p.b. 

— 

— 

— 

720 

vs 

ring o.p.b. 

354 

360 

mb 

ring non-planar def. 


16b 


344 


864 mb 
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Table 1 (Contd.) 



2 4 

o X Pyriinidino+ 

Symmetry Vibration 

6 -Triamino Pyrimidine 
Wave-number 


npeoiea number number in 

(om-i) KBr 

in 

Nujol mull 

— Description of mode 

cm“^ 

Int. 

cm~^ 

Int. 


Group Vib. 343 ,, 

fib 

3419 

fib 

N-H stretch asyni. 

3319 

fib 

3309 

fib 

N-H stretch sym. 

1600 

VW 

1660 

vvw 

NHq soissoring 

1134 

vw 

— 

— 

NH 2 twisting 

1094 

fi 

1092 

msb 

NH 2 twisting 

1035 

HI 

1039 

m 

NHq twisting 

— 

— 

670 

ms 

NHa wagging 

069 

m 

664 

mw 

NHa wagging 

048 

ms 

649 

8 

NHa wagging 

-- 

— 

460 

vw 

2 X NHa tersion 

““ 

— 

446 

vw 

2 X NHa torsion 

— 

— 

439 

vw 

2 X NHa torsion 

419 

vw 

422 

vw 

2 X NHa torsion 

Other Vib. 2919 

wb 


— 




1652 

fib 




1640 

fill 




1580 

vw 

2Xvi 

1404 

wb 


- 

vi + NHa wag (669) 

370 

vw 

370 

vw 


342 

vvw 

343 

w 

V 15 — I'i 

334 

vw 

335 

vw 

V4—V3 

316 

vw 

316 

vw 

NHatwis. (1035)— 

301 

vw 

304 

mw 

I'ea-va 

— 

— 

290 

vw 

viea—>'i5 

’•‘values from ref. Nojad & Stidham (1976) 

w s» weiUs» vw =5 very weah, w = medium, 'nis = medium strong, 
strongs sh == shoulder, tn/w =* medium weak, wb = weak & broad, b = 
bending, o.p.b =» out-of-plan bending. 

8 = strong, vs s= very 
broad, i.pA>. = in-plane 
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in 2-aanino-4-methyl pyrimidine (Goel et cH 1976) and at 1670 and 1416 om~i in 
5-inothyl pyrimidine (Job and Kartba 1977). 

3.2. Species 

The 1370 Raman lino of pyrimidine corresponding to vibration has 
boon identified at 1384 cm i in the present molecule. This vibration was identi- 
fied at 1340 cm"^ and 1363 in 6-methyl pyrimidine (Job and Kartha 1977) 
and 2-amino-4-mothyl pyrimidine (Goel et al 1976) respectively. The vibra- 
tion has bc»en identified at 640 cin^^ in the present case. The bands in 2,4,6- 
triamiiiopyrimidino at 1681 and 1464 cm~^ have boon assigned to correspond to 

(1668) and (1466) modes of pyrimidine. 

The 1071 and 1226 cm~i CH bonding vibration of pyrimidine 

found to be X-sonaitivc, which have been observed at 376 and 386 cm“i in the 
present molecule. The band observed at 1169 cm“^ in the title compound has 
been assigned to the remaining Rg bonding vibration 

3.3. Species 

As the vibrations of ^2 spocies are infrarod inactive, they will either be 
absent in the infrared spectra or may occur very weakly. In the present case, 
the band observed at 390 cin-^ has been assigned to the out-of-plane bending 
vibration The vibration v^ja X-sonsitivo and C~NH 2 out-of-plano bonding 
vibration generally lie around 200 om~^ (Green ai! 1971), thus it could not be 
observed in the present case. 

3.4. Species Bi 

The two ring bonding vibrations and v^^i, of the species appear in 
pyrimidine at 708 and 344 qwt^ respectively. The bands observed at 719 and 
364 cm~^ in the present molecule have boon assigneil to these vibrations res- 
pectively. P 4 was assigned at 725 cm“^ in 5-mothyl pyrimidine (Job and Kartha 
1977). As explained above, the C~NH 2 out-of-plano bending vibratiojis and 

could not be observed in the present case. The C-H out-of-plane bending 
vibration observed at 811 in pyrimidine has been identified at 780 cm^^^ in 
the present case. 

3.6. NH^ Oroup vibrations 

The present molecule has three NHg groups and each NH 2 group will involve 
one symmetric and one asymmetric N~H stretching vibrations. In the case of 
nearly all primary aromatic amines the two N-H stretching bands occur in the 
region 3S00*-3600 cm“^ (Bellamy 1969). The band around 3600 om"*^ has been 
assigned by a large number of workers (Singh and Singh 1969, Flett 1948, Sharma 
and Dwivedi 1976) as asymmetric and that appearing around 3400 cm~^ as 
symmetric stretching vibration; Out-of six N-H stretching vibration only two 



2S7 


Infrared absorption spectra 


could be indontifiod at 3430 and 3319 cm“^ in the present case. The broadness 
of bands shows tliat th(» three bands of each type which should have appeared 
at nearly equal frequencies, could not be resolved. Gool el al (1976) assigned 
these bands at 3420 and 3314 ciir ^ respectively in 5-mothyl cytosine. The NH^ 
scissoring mode has Ixkui suggested to lie in the region 1590-1660 cm“"^ (Bellamy 
1959, Rao 1963). Out of throe NHg scissoring mode only one ha>s been identified 
at 1660 in the present case. 

The NHg twisting frequency lie»s around 1060 cm^h Ooel ctal{U)i^) ha\e 
assigned this mode at 1030 cm-i in 2.aimno-5-mothy] pyrimidine and Sh.arma 
and Dwivedi (1976) at 1083 cm'^ in 2.fliioro.5-motliyl aniline. In view of th.esc^ 
assignments, the bands observed at 1035| 1094 and 1134 cm ^ in the present 
molecule, have been assigned to this mocU corresponding to tJireo NH., groups. 
Similarly th.o throe bands observed at 64», 669 and 670 (nujol) cm-> have been 
identified as three NH^ wagging modes. This finds support from tl-.e work ol 
Goel et al (197«), Sharma and Dwivedi (1975) and Evans (1969). 

NHa torsional mod(^ lies below the region under study. But as (hme )y 
Evans (1960) in case of anilino, the bands observed between 422-460 cm have 
been assigned to tlie first ovortono of NH^ torsional modtss. 

OueTdTlw Authors (RKG) is tliankful to Uaivorsiiy Giants Commission, Now 
Dolh.i for financial a.ssistance. 
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Abstract. The kinetic constant postulate is applied to evcduate a fresh set 
of potential constants in the case of monomeric trihalides of Scandium 
subgroup, using recent vibrational frequencies (Krasnov 1967). The calculated 
kinetic and potential constants are used to evaluate other molecular constants 
namely compliance constants, mean amplitudes of vibration, Coriolis coupling 
constants, shrinkage constants and centrifugal distortion constants. The cal- 
culated mean amplitudes of vibration are compared with the experimental 
values (Akishin el <tl 1959a, 1959b). The compliance constants, Coriolis coupl- 
ing constants and the centrifugal distortion constants for those molecules are 
reported here for the first time. 


1, Iittr€Klactioi& 

This is in continuation of our systematic studies on the evaluation of potential 
constants and other molecular constants using kinetic constant method (Srini- 
vasaoharya ef al 1978) for Scandium subgroup trihalide monomers. The mole- 
cules belong to the point group of the planar symmetrical XT^ type. The 
six normal modes of vibrations of this model are classified as one totally symme- 
tric two doubly degenerate (S') and one non-totally symmetric (^%). 

2* Evalttation of kinetic nnd potential constants 

Based on the method already diaguased in our earlier paper (Srinivasacharya 
et al 1978), the kinetic and potential cbnstants are evaluated for the Scandium 
subgroup trihalide monomers. The general expressions for the kinetic constants 
of the molecules are given below. 

Kr == /4y) 

Krr == 

Kg^ = ~ (3/«aj-f 2/«ir)/9/«y(3/fa8 4'/^y) 

2Krg^ = /^jVS/ly(Zflfg+/ly) 

^0P = l/3(3/*«+/*y). 
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where Kr, Kg and K^p are the stretching, bonding and mit of plane bending 
kinetic constantH and others are intoractioii constants. Here 
reciprocal masses of the X (Sc, Y or La) and Y (F, ClBrorT) atoms respec- 
tively. 

3. Compliance constants 

The compliance constants are also ovahiated for thesu> inokxinlos based on the 
procedure given by (Lecius 1963). 

4* Mean square amplitudes 

The symmetrized mean square amplitude matrices (S'®) are obtaimxl for the 
temperatures 298 K, 600 K and 10(K)K using the equation (Oyvin 1968) 
S = L6kL'. The 2^' are usixl to obtain 'the mt^an amp]itiTd<‘S oi both boiubWl 
and non -bonded atom pairs. 


5. Coriolis coupling constants 

The Coriolis coupling constants which may bo determined experimentally can 
however bo evaluated from a n^liable set of for<!e (constants and tl\e values can 
be used for dotail(Ml iutorpn’.tation of vibrational spt^ctra. The Coriolis matrix 
olomoiitw {oc ^ X, !/, s) aro obtainwl by t1>« voolor m<»tho(l (Moal and Polo 
1956) and are givon below. 

E'xE' 

0*44 = ( 9 / 2 )/*» 

(7*34 = V3[(3/2)//j,+//v)l 

A\xE' 

= -(7*2,36 = V6/2(3/**+/<i,) 

(TJ'a.w = -C^®2.46 -= 3\/2/2(//„+3//,) 

The Corioli-s coupUng constants, ato evaluated from the relation 


6 . Shrinkage efifect , , . r 

Th» B.*im»n.Morino .hrinkag. offect for those moloMloa .to 

298 K, 600 K .nd 1000 K i.torms of .ymmotrisod mMn «i«.ro ^nphtudo. 

vibration matrices S'*. 

7. Centrifiigal distortioo coaetant* 

Twin et al (1968) have tefomulated the theory of centrifugal distortion by 
Cyvm a al (1968) nave « ^ derivatives of inertia 

introducing certain new elements 2,p * msteaa o p- 
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ton»sor components (Kivolson and Wilson 1952, 1963). The quantities 
obtained u<^ing Cyvin’s relation and hence values are evaluated. 
The centrifugal stretching coefficients Dj, Dk, Djk^ H&y -Be Sj are obtained 
by the linear combination of the The vahtes of the centrifugal distortion 
constants are useful for the microwave analysis of these mok^jules. 

8. Results and discussion 

The evaluated kinetic and force constants are listed in table>s 1 and 2 respectively. 
The individual force constants (both in plane and out of plane) are obtained 
using the following redundancy conditions, /a+2/^^ ~ 0, /'na+2/r« — 0. The 
calculated force constant values reproduce the vibrational froquomnos accurately. 

From taldes 1 and 2 it is noted that all the kinetic constants ingeneral 
increase as the mass of the Y atom increases for the same X atom, whereas in 


Table 1. Kinetic constants (amu) 


Molecule 

Kr 

Krr 

-K„ 

1 

Kop 

ScFa 

15.4599 

1.7704 

3.0420 

1.5210 

2.0440 

1.0220 

2.7929 

ScCla 

27.1521 

4.1544 

5.1106 

2.5.553 

4.7968 

2.3984 

3.5117 

iScBra 

57.4964 

11.2198 

10,2836 

5.1418 

12.9638 

6.4769 

4.2072 

Scia 

89.0669 

18.9183 

15.6886 

7.7943 

21.8406 

10.9203 

4.4683 

YFa 

16.5266 

1.2370 

3.3978 

1.6989 

1.4286 

0.7143 

3.8596 

YCI3 

29,0229 

3.2190 

5.7344 

2,8672 

3.7178 

1 . 8589 

5.3817 

YBra 

60.5011 

9.7175 

11.2848 

5.6424 

11.2238 

6.6119 

7,2075 

YI 3 

92.6161 

17.1438 

16.7710 

8.3855 

19.8000 

9,9003 

8.0094 

baFa 

17.1577 

0.9214 

3.6080 

1.8040 

1.0643 

0.6321 

4.4905 

LaClg 

30.3347 

2.5631 

6.1714 

3.0857 

2.9608 

1.4804 

6.6934 

LaBra 

63.0671 

8.4345 

12.1406 

6.0703 

9.7448 

4.8724 

9.7762 

Lala 

95.9206 

15.4915 

17.8732 

8.9866 

17.9018 

8.9509 

11.3071 
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Table 2 . Force Constanti (m dyne/A) 
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Molecule 


ScFg 

ScClg 

ScBpa 

r).3252 

0.0716 

3.2760 

0.0478 

2 . 8645 
0.074.> 

J aa 

0. 1260 

0.0630 

0.0772 

0.0386 

0.0668 

0.0334 

/r. 

0.0846 

0.0423 

0.0724 

0.0362 

0.0842 

0.0421 

0.1114 

0.0071 

0.0558 

ScT3 

2.1800 

0.07)6 

0.0451 

0.0226 

0.0632 

0.0316 

0.0412 

YF3 

4.0477 

0.(»188 

0. )106 
0.05.53 

0.0466 

0.0233 

0.0957 

YCI3 

3.0888 

0.0343 

0.0710 

0.0355 

0.0460 

0.0230 

0.0622 

YBi ‘3 

2.7594 

0.0779 

0.0602 

0.0301 

0.0698 

0.0299 

0.0615 

YI3 

2.0329 

0.0586 

0.0418 

0.0209 

0.0494 

0.0247 

0.0383 

BjiFq 

3 . 8034 
0.0169 

0.0894 

0.0447 

0.0264 

0.0132 

0.0811 

hciCl^ 

2.8772 

0.0070 

0.0664 

0.0332 

0.0318 

0,0159 

0.0568 

baBry 

2.5963 

0.0511 

0.0578 

0.0289 

0.0404 

0.0232 

0.0520 

LaTg 

1.8564 

0.0291 

0.0446 

0.0223 

0.0446 

0.0223 

0.0375 


tho eas(5 of forego constaTit.s a rover.S(^ trend in ol)H<^rved <‘XC(^j)t in the case of intor- 
aotion c?onstant,s and /f,. the mass of tlio X atom incroasivs for the 

name Y atom, tlio kiiu^tic constants hIiow an inci‘(uxs(^ except the interaction 
constants Kfr, K\a Kr^ wliich sliow a reverse trend, Avlieroas all th<» force 
constants show a decrease. 

From table 2, it is appavent that the sir<dchiii£^ fore<' constant /^decreases 
as the mass of the Y atom increases i e. 


/,(X-F 3 ) > /r(X-Cl3) > MX-Bt,) > fr(X-},). 

This is in accordance with tlic decrease in the electronegativity and incroaes 
in the atomic radii from F to I. 

The calculated compliance constants arc given in table 3. The compliance 
oonHtants ingenoral increase as the mass of the X atom increases for the same 
y atom and also incroa>se as the mass of the Y atom increases for the same X 
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Table 3. Compliance constants (A/m dynes) 


Molecule 

Cr 

Crr 

C. 

-C.. 

CV. 

-Cr. 

Cop 

ScFa 

0.1899 

3.6840 

0.0844 

8.9804 


0.1567 

1.7920 

0.0422 


S0CI3 

0.3116 

4.9428 

0.1942 

14.9006 


0.0013 

2.9714 

0.0971 


So6r3 

0.8625 

7.0272 

0.3022 

17.9116 


0.0028 

3.6136 

0.1611 


Sell, 

0.4777 

10.6010 

0.4402 

24.2728 


0.0065 

6.2505 

0.2201 


YFa 

0.2161 

4.0414 

0.0604 

10.4681 


0.0009 

2.0207 

0.0302 


YCI 3 

0.3270 

6.3410 

0.1404 

16.0730 


0.0021 

3.1706 

0.0702 


YBr, 

0..370r> 

7.6396 

0.2412 

19.4306 


0.0067 

3.8198 

0,1206 


YI 3 

0.6006 

11.0978 

0.3928 

26.1366 


0.0077 

6.6489 

0.1964 


LaFg 

0.2636 

4.9860 

0.061G 

12.3305 


0.0009 

2.4925 

0.0268 


LaCl3 

0.3493 

6.7634 

0.1118 

17.6907 


0.0001 

3.3767 

0.0659 


LaBrg 

0.3909 

7.8278 

0.2066 

19.2289 


0.0050 

3.9139 

0.1033 


Lalg 

0.6519 

10.3464 

0.3672 

26.6531 


0.0021 

6.1732 

0.1836 



atom. From table 3 it is found that the compliance constants Cr a.ro in the 
order of 


<7r(Sc-Y3) < Cr(r~Y^) < 

and also 

(7,(X-F3) < Cr(X-Gl^) < Cr(X-Brs) < Or(X-Is) 
which supports the trend of variation in the strcngtii of chemical bonding. 

The presently evaluated moan amplitude of vibration at three temperatures 
are reported in table 4 along with the experimental values (Akishin ef al 1959a, 
1959b). From table 4 it can be noted that the calculated mean amplitude values 
for few molecules at 1000 K are in good agreement with the experimental values. 
However, in some cases the calculated values do not agree well with the observed 
values. A similar trend was also observed by (Phongastha 1977). It is found 
that the mean amplitudes of vibration for non-bonded atom pairs are greater 
than those of bonded atom pairs at the three temperatures. It can also be seen 
from table 4 that tl\e mean amplitude of vibration increases as the temperature 
increases, 



Table 4. Mean amplitudes of vibration (A ) 
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The evaluated Coriolia coupling coastaaits, ahrinkage effect and centrifugal 
stret(aiing coefficients are listoti in tables 6, 6 and 7 respectively. 


Table 5. Coriolis Coupling coefficients 


Molecule 

^^33 


^^'3»3a 

^^2»4a 


= ■“^^44 

= 

= “~S®2»3fr 

£»».4* 

ScFg 

0.3880 

0.9216 

0.8331 

0.5532 

ScClg 

0.6419 

0.8404 

0.8782 

0.4782 

ScBrg 

0.7273 

0.6864 

0.9293 

0.3692 

Scl3 

0.8098 

0.5877 

0.9612 

0,3080 

YF3 

0.2427 

0.0701 

0.7882 

0.6156 

yct, 

0.3743 

0.9274 

0.8289 

0.6505 

YBrg 

0.5742 

0.8187 

0.8868 

0.4623 

YI 3 

0.6817 

0.7317 

0.9171 

0.3987 

LaFg 

0.1703 

0.9864 

0.7651 

0.6439 

LaCla 

0.2769 

0.9609 

0.7991 

0.6012 

LaBi'a 

0.4033 

0.8860 

0.8552 

0.5186 

Lalg 

0.5782 

0.8160 

0.8883 

0.4601 

Table 6. 

Shrinkage effect (A) 



Molecule 

298K 

600K 

lOOOK 

■ 


8 

8 

a 


JScFa 

0.00399 

0.00619 

0.01195 


ScClg 

0.00614 

0.00829 

0.01630 


ScBrg 

0.00666 

0.00024 

0.01826 


Sclg 

0.00736 

0.01211 

0.02402 


YF 3 

0.00409 

0.00660 

0.01271 


YCI 3 

0.00604 

0.00824 

0.01630 


YBra 

0.00666 

0.00936 

0.01868 


YI 3 

0.00738 

0.01226 

0.02440 


LaFg 

0.00441 

0.00712 

0.01364 


LaCla 

0.00610 

0.00840 

0.01667 


LaBfa 

0.00639 

0.00894 

0.011779 


Lai, 

0.00678 

0.01120 

0.02233 



2d5 


Vibrational analysis of monomeric trihaUdes 

Table 7. Centrifugal stretching coefficients (KH,) 


Molecule 

Dj 

OCX- a 

3.1799 

ScCla 

0.4675 

ScBfa 

0.0733 

Sola 

0.0266 

YFa 

2.4771 

YCIa 

0.3441 

YBi-a 

0.0638 

Yla 

0.0208 

LaFg 

1.8.669 

LaClg 

0.2734 

LaBrj 

0.0461 

bala 

0.0138 


Dm 


2.7840 

5.8071 

0.3972 

0.8346 

0.0640 

0.1342 

0.0235 

0.0491 

2.1G17 

4 . 5337 

0.3005 

0.6301 

0.0470 

0.0985 

0.0183 

0,0383 

1.6257 

3.4956 

0.2395 

0.5016 

0.0396 

0.0829 

0.0119 

0.0251 


It is obs<irv<'‘d IVoni tablo 5 that 

are satisfied for all the molc^cuh^s. TIk^ Coriolis coupling constants are iisefid 
in vibration-rotation interaction studios. From table fi it can be noted that tlio 
shrinkage effect increases as th(‘. temperature increases. 

It is observed from table 7 that tlie centrifugal stretching coefiicients are 
Very sensitive to the mass of the molecules. The centrifugal stretching coeffi- 
cients decrease as the mass of th(^ molecule increa>s(ys. Since these molecules are 
planar symmetric top, Dowling’s (1961) vsum rule is found to be satisfied and 
also the centrifugal stretching coefficients /?r,, Rq and dj vanisl\. 

9. Gonclusdoii 

Thus using kinetic constant metliod all th,e molecular constants are evaluated 
for Scandium subgroup trihalide monomers. The molecular constants evaluated 
presently are quite reasonable and a systematic set of molecular constants are 
obtained. 
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Rotational isomerism of some aliphatic esters 

R Daa, S Chattopadhyay and G S Kastha 
Department, of Optics 
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Rooeivod 5 February 1979 

Abstract. The PCILO method of ground state energy calculationh as been used 
for conformational studies of thojmolecules of the methyl esters of formic acid, 
acetic acid, cyanoacetie acid, nie|icaptoacetic acid, 2 chloropropionic acid and 
chloro-oxalic acid; conclusions thjsrefrom have been compared with the experi- 
mental results available from the published literature. Only the in case of 
monomothyl oxalate chloride the liquid phase Laser Raman spectra and infrared 
absorption spectra have been recorded. The energy difference of the two 
retainers of methylcyanoaeetate has been experimentally determined in the 
present investigation. 

1. Introduction 

Though oxperimontal studios on tl\,o rotational isomoriam in aliphatic oarlioxylic 
o^tora and thoir dorivativoa have bmm rofiortod, in tl\o lih^rature, only a few 
theoretical calculationa on th.oir rotameric prop(^rtio*s have boon puldiahod. 
ConBequeiitly, tb.o con formation al (d\aract<^riHtics of tb.oae moloculoH have not 
boon reasonably o^stabliahed in mo>st cases. In order to provide the necessai^ 
data, semiempirical computations of the conformational properties of some of 
the estorS of formic acid, acotic a?id, propionic acid and oxalic acid have been 
carried out and the results of these have been compared with the experimental 
obsorvatioTis, wheroever available. Since for the molecules of methylcyano- 
aoetate and monomothyl oxalate chloride, complete experimental data are not 
available, Raman and infrared ntudios have boon mode for the requirod com- 
parison. The relevant results have boon discussed in the present paper. 

2* Ejqperimental 

Chemically pure methylcyano acetate and monomethyl oxalate chloride procured 
from Fluka A.G. were further purified by repeated distillation under reduced 
presanfe before being used in tb.c investigation. The Raman spectra of mono- 
methyl oxalate chloride in the liquid phase at 2ft8°K were obtained with a record- 
ing grating spectrometer using 4880 A radiations from an Argon-ion Laser for 
excitation The liquid phase Raman spectra of methyl-cyanoacetate at different 
temperatures between 298-370»K were obtained with the same instrument 
The infrared absorption spectra of monomethyl oxalate chloride in the liquid 
phase at 298'>K were obtained with a Beckman 20A spectrophotometer. 
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3. Metbod of Calculations 

Perturbative configuration interaction with localised orbital (PCILO) method 
liavo boon used for tho calculations of the ground state enei*gie8 of the different 
configurations of tho molecules. Tho details of the method used are the same 
as given by Bhaiimik and Kastha (Bhaumik et al 1977). The stable conformera 
wore identified from the positions of the minima of the potential energy surface 
and tho values of tho energy difforonces between the conformera were determined 
from these energy minima. 

4* Results and discussions 

From the present calculations of tho ground state onergie>s of the molecules of 
methyl ostc^rs of formic acid, acetic acid, cyanoacetic acid, mercaptoacetic acid, 
2*chloropropionic acid and ch loro-oxalic acid, it has boon found that in each 
case, the O--CH3 bond remains fixed in cis-position with respect to C = O bond 
and all the rotameric forms, in these molecules, arise from orientations of the 
atoms or groups of atoms about the C-C bonds in them. This inference drawn 
from the present calculations by the PCILO method is in full agreement with 
tho conclusions from the available experimental results (Charles et al 1973, Som 
and Mukhorjeo 1975, 1976, Das ei al 1977, 1978). Tho rotation about tho C~0 
bond being of minor importance in relation to rotameric forms, only the theoretical 
observations relating to different configurations arising from the rotations about 
other internal axes are discussed in tho following paragraphs. 

Methyl formate and methyl acetate 

Tn each of the molecules of methyl formate and methyl acetate, ground 
state energy versus dihedral angle curve computed by the PCILO method shows 
only one minimum indicating the presence of only one stable rotameric configura- 
tion round the C~C bond. These conclusions are in accord with the experimental 
reports (Curb 1969, George et al 1972, Wilmshurst 1967) for both the molecules 
and the abinitio calculation for methyl formate (John et al 1977). 

Methylcyanoacetate, methyl mercaptoacetate and msthyl 2~chloropropionate : 

The study of Raman and infrared spectra of methylcyanoacetate molecule have 
been reported previously by a number of authors. According to Charles et al 
(1973) this molecules exists as two rotamers, cis and gauche, about the C-C axis, 
while Sinha (1974) pointed out that a larger number of rotamers arising from the 
rotations about both the C-C and C-O axes might bo present. The results of 
the present calculations show the exi.stence of only the cis and gauche forms about 
the C~C bond and this is in agreement with the former view. The value of the 
energy difference between the two rotamers has be^n calculated by the PCILO 
method and also by CLASSICAL method. From these calculations, it is found 
that the cis form is less stable than the g form by about 360 cals/mole. 
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Ch aria's et al from itifrarod measuramontfci tdiiainod a valno of 1 Kcal/mol© for 
the Yalua of tho onorgy cliffaronco ci$ being the more stable form. This has also 
been determined in th(^ presemt investigation by studying tho temperature 
dependence of intensity-ratio of the Raman bauds at 900 enr ^ and 850 
cm~' assigned to the C~C stretching modes of vibration of th,o t\v(» rotamora. 
A value of about 400 cals/mole has been obtained which is very near to the 
previously measured valium Tt might be noted that the change of relative 

Table 1. Raman HhiftH and infrattjd banda of monomethyl oxalate chloride 


Raman shift 

Infrircd 

Assignments 

Aycin~^ 

bauds 

vcvBT^ 



181 (w) 

• 

R(CoOl) 

243 (w) 


5 (C-C-Cl) 

304 (m) 


5 (CM)-C) 

353 (m) 


8 (C~C-^0)/S(C-^C O) 


480 (m) 

S{0 = C-Cl) 

500 (r) 


11 

o 

577 (in) 

570 (w) 

<5(0 = C-0) 

795 (vs) 

790 (8b) 

y (C-01) 

898 (k) 

890 (n>) 

} 

y (O-CHa) 

932 (m) 

930 (m) 



995 (m) 

985 (8) 

} 

y (C-C) 

1013 (m) 

1015 (8) 



1150 (w) 

1)50 (m) 

] 

R(CHb) 

1190 (w) 

1200 (s) 

J 

o 




II 

1273 (m) 

1270 (s)i) 

1435 (s) 

y 

( -C-O) 


] 

.^(CHa) 

1466 (m) 

1460 (8h) 



1755 (V.8) 

1770 (v.s) 

} 

y (C - 0) 

1786 (s) 




2852 (m) 

2860 (w) 



2967 (v.s.) 

2976 (m) 


8 y(C-H) 


3016 (w) 

- 


3037 (wb) 
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i^tability of the forms due to change of state may be the reason of this difiference 
of theoretical and experimental values. 

The PCTLO method was al^o applied to the calculation of energy of the 
different configurations of the molecules of methyl mercapto acetate, but the 
results were not satisfactory. So computation of the conformational energy 
was made by using the CLASSICAL method. According to the experimental 
results (Das et al 1978), tl\is molecule exists in the cis and gauche configurations, 
about the C-C axis, but these results did not provide any information about their 
relative sta])ility. The pre.sent theoretical calculations show the existance of 
the cis and gauche rotamers for this molecule and the two forms are predicted 
to be of nearly the same energy. 

In the case of methyl 2-ohloropropionate also, Raman and infrartKl studies 
(Das et al 1977) revealed the presence of three rotameric forms, but the relative 
energy difference betweem the different rotamers could not be measurcxl experi- 
mentally, The present calculation by the PCILO method indicate the existence 
of one cis and two gauclu^ conformera, one of the gauche rotamers (/j, is the most 
stable form, while the ei.s conformer is the least stable, the energy diffi>renco 
between them being ~1 Kcal/mole. Th^‘ second gauche form i^^ higher in 
energy than the most stable I’orin by about 300 cals/moJe. This is qualitatively 
in agreement drawn from the experimental results mentioned above. 

Monomethyl oxalate chloride : Tn the molecules of oxalyl halides, th,ere are 
controversies as to whetlier these molecules are caj>ahle of existing in different 
rotameric forms around the C-C axis. Kagarise et al (1951), Kagariso (1966) 
concluded that the molecules of oxalyl chloride can have a number of rotameric 
forms, while froni experimental results in oxalyl halides Ziomek et al (1953) and 
HencUer et al (1965) did not consider thivS to he probable. Similarly in the 
molecule of dimethyl oxalate (Wilmshurst 1966), the vibrational spcctnxm lias 
been assigned on the assiimption of the presence of only one molecular form. 
The present molecule of monomethyl oxalate chloride has a structure inter- 
mediate between oxalyl chloride and dimethyl oxalate and tliere are no reports 
on its conformational forms. To iiiA’ostigatt? this point the Raman and infrared 
spectra of the molecule have betm recorded and the experimental results have 
been analysed. Tn monomethyloxalate chloride, the Raman and infrared spectra 
show four bands in the legion 890-1020 cm’^, all of them appearing as bands of 
either strong or medium intensity. But in each of the similar molecules of oxalyl 
chlorides and dimethyl oxalate the bands in the corresponding region are rather 
weak. Ziomek et al and Wilmshurst et al interpreted these bands as combina- 
tions or overtones and suggested that these molecules exist in only on© stable 
configuration, while Saksena et al assigned these bands to fundamental vibrations 
and suggested rotational isomerism in these molecules. In the present case of 
monomethyl oxalate chloride molecule, these bands being of appreciable intensity 
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can, in no way, bo ruled out as combinatioiiH or overtones and ha», therefore 
been treated as fundamental's. 

In ester molecules, two fuiidamontal freqiu^neios due to C-C and H 3 C--O 
sti etching modes for i^aelx single configuration are, generally expinjUnl, in the 
frequency region 90(1-1050 cm' Tb.e presimee (>{’ {‘our vibrational bands in the 
aforesaid region in both Raman and the infrar<'<l. >sjx'‘ctra of monomethyl oxalate 
chloride, tliorefor(^ indicates tl\o i^xisteucii of more than one conformer in the 
molecule. Following the assignuumts made in dimethyl oxalate (Wilmshurst 
1960 ), the higlier two of tl\e froqmniciefl^ in tb.e region have bwn attribut 4 xl to 
the C-C stretching modes, and ll\e tu'o Jower frequenci(>s have b(H>n assigned 
to the O-CHg strotcb.ing modes ol vibration. Tb.e present calculations by PCTLO 
motliod predict the (rxisbmce of two rottoers trans and cis of which, tb.e former 
one is more stable than the latt-ei- one by about (59(1 cals/mole. 
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Lecture Notes in Physics, Volume 34 : One Dimensional Conductors^ 

Edited by J. Ehlers, K. Hepp and H. A. Weidonmullor. Publishers : 

Springer -Verlag, 1975, $ 13-80. 

The present volume 34 under the well-known series entitled Lecture Notes on 
Physics records the Conference proceedings on the exciting topic of one dimen- 
sional (ID) conductors, which has recently drawn wide-spread attention of both 
theoretical and exporimontal physicists. The Conference was organized by 
the Low Temperature Division of the German Physical Society in Co-operation 
with the University of the Saarland in July 1974. Altogether 24 papers by noted 
workers in this field were presented at this Conferonco covering several aspects 
of the ID conduotois. 

In this Conference volume the introduction and survey of the literature 
by the editor Dr. H. G. Schuster give an up-to-date account on ID conductors. 
For a long time ID electrical comluctor described as a single ionic chain with 
electrons hopping along had boon a mathematical fication and a number of startl- 
ing predictions were made by theorists. Recently, it has become possible to do 
experimental measurements on the physical properties of compoimds w^hich 
behave like ID conductors and this has revived considerable interest on this 
subject. Typically, KCP (KoPt(CN)4Br0.3.3H20) and TTF-TCNQ (tetra- 
thiofulvalimum tetracyanoquinodimothan) are the two most prominent repre- 
sentatives of ID conductors, for which, specific requirements must be met for 
the chemical preparation. Due to their extremely anisotropic electrical conduc- 
tivity with nearly metallic like conduction in one dimeiision these compounds 
are called ID conductors. On lowering the temperature in the range of 60--100°K, 
the electrical conductivity along the main axis, drops suddenly indicating a 
phase transition, and this is associated with a lot of interesting problems, namely, 
Structural Peierls-transition, Frohlioh-superconductivity and Frohlich-mode, 
Fluctuations etc. In the present proceedings, these problems have been given 
due considerations which are really interesting and exciting too. Another appeal- 
ing aspect of these ID conductors is that they may be compared to exactly solv- 
able ID models. 

We thank the Organizers as well as the Publishers for bringing out such an 
important and helpful volume dealing with a very current research topic of funda- 
mental interests. We also eagerly await the future proceedings covering other 
important aspects such as the role of impurities, the possibility of copper- 
pair superconductivity, magnetic properties etc. 
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Effective hiteracHons and Operators in Nuclei 
Edited by B. R. Baorott, Springer- Vorlag, 1975. 

Thia book contains the invited talks presented at an International Topical Con- 
ference held at the University of Arizona in Tucson from June 2 to 6, 1976. The 
coverage of material in the talks was planned quite comi>rtihcnsiYoly so as to 
bring together all th.e developments of tl\e subject till th.e time of t)\e conieronce. 
There being no other major dovelopmottt since tlien, the book remains quite 
useful as a source of nearly up-to-date informations on the subject ot oflectivo 
interactions and operatt^rs. 

Theoretical understanding of ci’lc.ctive interactions for tlii» valence nuclcjoiis 
is invariably based on the degenerate perturbation theory and tlio initial ground- 
work was laid down by Bloch and Horowitz. More recently Brandow h.as mado 
significant contributions by drawing atteotiou to tlu; so-called ‘folded diagrams . 
The first article in the present book is by :&andow in which, h.ehas very eomineiid- 
ably reviewed the perturbation theory of offoetivo interactions. There are -two 
more alternative derivations based on the timo-depondeiit perturbation theory 
and these are descrihed in tlio next two articles by Johnson (the approach o 
Johnson-Baranger) and Bateliff (the Ratcliff-Kuo apiuoaeh). 

Tho article hy Saner discusses an important practical iiueStion, namely how 
best to choose the singlo-partielc basis wavefunetions for th.e 
Major computational details of tho (^-matrix are then diseussed m tho papers 

by Becker and Barrett. . . 

Tho problem of eonvergoneo of tbo perturbation expansion is d.seussod m 

ibf' articles bv Gooden and Weidoiimullor. 

■Cm O.M by TUmi .i.d "S'™ by SeMdbt .ll.mpt » 
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Booh Bmev) 

Electrdumineacence 

Editor: J. 1. Pankove. (Topics in Applied Physios, Volume 17; 
Springer-VSrlag). 

Electroluminescence is a very attractive topic in applied physics from the practi- 
cal stand point. EL devices have a variety- of applications. The present volume 
makes or aware of the fact that though the field is more than fifty years old, 
much progress remains to bo achieved in the field of application development 
as well as in fundamental studies. The six reviews making up this volume have 
been written by scientists of long expertise in their rospootive fields. While 
the qualities of the reviews are generally high, few of the authors have provided 
guidelines for further advancement in fundamental studies. 

In the first chapter Pankove introduces the readers to the field of electro- 
luminescence with all its variety of phenomena. Tairov and Vodekov in their 
review discuss group IV indirect gap materials but they confine their discussion 
mainly to broad band semiconductor SiC well known for its high luminescence 
efficiency. In the third chapter Dean reviews the group III-V materials from 
which the commercially available light emitting devices (LEDs) are generally 
made. This is a good review and ends with a discussion of future prospects of 
III-V materials as LEDs. Efficient visible luminesconoe materials of II-VI 
compounds as sources of LEDs have been discussed by Park and Shin in the fourth 
chapter. Discussion on Zn and Cd Chalcogenides and alloy of II-VI materials 
in this chapter is of great interest because of their excellent lumincsconco pro- 
perties in the whole visible and near UV range. 

Chalcopyrite type semiconductor based devices are new members of LEDs 
family. In the fifth chapter Wagner explores the possibility of their more 
extensive commercial exploitation. 

In the concluding chapter Inoguchi and Mito discuss the electroluminescence 
by means of phosphor films and its future prospect in the field of information 
display. 

As one goes through the book one feels assured that the volume \^ill amply 
serve the expectation of the editor to educate the newcomers in this field of 
Physics amd also to provide specialists with useful references. 


T.N.M. 
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Potarization Nuchar Physics 

Edited by D. Fick, Springer-Verlag, 1974. 

Thia book has been publisl\ed in the Lecture notes on Physics series and consists 
of the proceedings of a meeting held at Ebermannstadt on October 1-5, 1973, 
on the occasion of tlie 70th, birthday of Professor Rudolf Fleischmann, one of 
the earliest proponents of the field of nucfear polarization pl\ysics. The publica- 
tion contains nine full-length papers delivered at the conference together with a 
one-page remark by H. A. Weidenmullor, on the organization of the material. 
The papers, as they appear, bear considora|)lc evidence of an almost total absence 
of editing by the editor. Th,o remarks bjr Weidenmuller properly belongs next 
to the piefaoe but the reader would be aiftusod to find it interposed somewhere 
in the middle of the^ book. 

All the papers are written with a fairty comprehonHivo list of references b\tt 
some of them do little more than catalogdeing of th.e different methods. Need- 
less to say, intelligent readers, even if they bo beginners to whom these? papers 
were primarily addressed according to the preface?, will not comprehend the 
subject from those papers and will have to work thoir way through only with the 
help of the original references or other review articles. The paper on nucleon- 
nucleon force gives a standard review of the sTibjoct but uiifortunately it scrupul- 
ously avoids any reference to polarisation in two-nucleon physics althfmgh the 
coverage of the latter topic would have justified more its inclusion in a book on 
polarization nucloar pl>ysics. Approximately half of the papcirs are good and 
alao serve well the pedagogic purpose mentioned in the preface. 


Nvdear Optical Model Potevtial 

Edited by R. Boffi and G. 'Paasatore, No. 65 of Lecture Notes m 
Physics, Publisluid by Springer-Verlag, 1976. 


The book contains a few articles on optical model potential as diseW m a 
avmnosium in Pavia, Italy in 1976. It discusses many interesting aspects of 
model but it omito . other impo,t.nt rrort .od roo.ot 


Materiah Reference Berks II ; Mechanical Properties, Vol. 1. 1976 
Edited by F. H. Wohlbier, Trans. Tech. S. A., Switzerland. 

The book under review is a p^iodic 

toy “P”**"* L compoll. ».tori.l.. Th. defect dot. o« 

tW «e oompUrd to ■M.tori.l. Eeferonoe Sorio. I : 
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Defoci Data’, which is also an upto-dato and comprchonaive referonco book to 
the materials scientists. The purpose of the Series is to provide ready reference 
data on these materials of importance to the materials scientist who ‘needs to be 
informed continually of th.e new developments in the field’, and the volumes in 
the two series have undoubtedly filled this purpose. Since for the technologically 
important materials knowledge on the mechanical properties is considered to 
bo the most vital one in relating strength and hardness of materials, this volume 
as w^ell as the forthcoming ones will naturally prove to bo extremely useful and 
servo the purpose of standard reference books to a largo number of research 
workers engaged in the fundamental and applied works on the development of 
new materials with improved properties. The editor and the publishers are to 
bo thanked for bringing out such a well-arranged offset production of the series 
covering the topics of a large number of published research papers in this field. 

SB.S.O. 


The Mathematical Theory of Electricity and Magnetism. 

The Macmillan Co. of India Ltd. Price Rs. 49*50. 

The book appears to bo self-contained insofar as it supplied almost all the mathe- 
matical pre-requisites. It starts with a chapter on vector analysis, other mathe- 
matical topics being discussed before they are needed. Some topics are briefly 
treated in the appendices. 

Although the mathematization of electromagnetic phenomena is useful, the 
use of termonologies like “equivalence class of displacements” etc. is not helpful 
in stimulating interest in the study of the subject. Such use should, therefore, 
bo avoided so that the book may be readable by the students of mathematics 
as well as of physics. A discussion of the units and dimensions is of much 
importance in the theory of electromagnetism. The particular system of units 
employed should be explicitly mentioned whenever necessary to avoid confusion 
and a tabic showing the numerical lelationships among different systems of units 
should be incorporated. 

There appears to be a discrepancy between the pi (dace and the table of 
contents on the one hand and the actual contents in the book on the other. For 
example, the preface says that “some of the interdisciplinary subjects that have 
grown out of the fusion of electromagnetic fields and of piezoelectricity and 
electro-fluid mechanics are also briefly treated”. But apart from the conven- 
tional treatment of electromagnetic wave in anisotropic media, no such discussion 
appears in the book. Again, the table of contents shows five appendices. But 
appendices IV and V appears to be mission. Finally, it may be mentioned that 
a large number of misprints has crept into the book. 

It is expected that the book will serve as a useful literature to meet the 
needs of the students of physical sciences, if these limitations are removed. 
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Etivironmenial Radiation Measurement.<i ( NORP Rcpoit No. 50); 

Council on Radiation Protection and Measurements, 
/yiu Woodmont Avenue, Washington D.C. 20014 (1970 VT+240 
pages). Price not stated. 

The report by National Council of Radiation Protection and Measurement, 
OTtit ec Environmental Radiation Meaa%rement!< is mainly divided in throe parts. 

o first part consists of the information on the properties of th.e radionuclide 
( epositiori and of radiation fields in l4)e environment. The next part or the 
bulk of the report deals with the methods of their measurement with special 
emphasis on tho estimation of the dos(. delivered to man. Tlui last part contains 
a critical assessment of the limitations of ihc picsont knowledge in investigating 
tho long term trends of ledistiilmtion of natural ano man mgde radioactivity 
and emphasises the cxtiome importance of continuous monitoring of radiation 
fields due to different natiiral and maiimade sources at tl\e national and inter- 
national level, analyse the data and oli^ain objective conclusions regarding tho 
slow but continuous changes in environmental radioactivity. 

The philosophy behind the entire book is that, due to the increased develop- 
ment of nuclear powder, and the increased need of radiation in medical, agri- 
cultural industrial, research and other essential fields man’s interaction with 
radiation is increasing; this is unavoidable. At the same time the population 
at large must be protecteKl from incurring damages due to radiation. Tho change 
due to radiation can be divided in two categories in general. One is somatic 
and another genetic. It is the second category of danger that makes tlio subject 
so important, because the genetic damage may not bo confined to a single person, 
or to a single generation, but the deleterious effects of radiation can manifest 
itself after several generations. This is an unseen danger. Man’s increasing 
use of radiation energy changes the environment i.e., alterning th.e danger level. 
Hence, a constant vigilcncc^ in the measurement of background level of radiation 
is a part of modern civilization. Naturally, the instrumentation part, analysis 
or tho data obtained and the overall dcfieiciiey of tho entire programme needs 
careful consideration. This book has served this purpose quite ofiioiently. This 
being a publication by N.C.R.P., the autliors had tho advantage of having a 
large amount of data to make the book successful. By avoiding too many 
technicalities, the auth.ors liavo made tho book useful, readable and under- 
standable to persons of various diciplines like physics, chemistry, engineering 
and medicine. The report will servo as a guide book to the people engaged in 
radiation protection and radioactive waste disposal. To those teaching or deve- 
loping postgraduate level courses in radiation biophysics, this report will be an 
invaluable aid. On the whole, the National Council of Radiation Protection 
and Measurement deserves our gratitude for providing such a good book on a 
most important subject. This book is must for all science libraries. 

B. Bctgchi and i?. K, Poddar 
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Dye Lasers 

Edited by F. P. Sehdffer. 

The book is a compilation of review articles on various aspects of principles, 
operation, applications and progress in dye lasers during the last four years. 

The first chapter which deals with the principles of dye laser operation is 
very lucidly presented and is very helpful for beginners in the field. The articles 
on structure and properties of laser dye gives one a multitude choise of dye 
system and their limitations. The various applications of dye lasers in different 
field is well discussed by T. W. Hansch. The last chapter is devoted to the 
informations of progress made in the field of dye lasers and laser dyes during the 
last four years (1973 to 1977). The complete treatment of various aspects of 
dye laser will help immensely both beginners and those who are already working 
in this highly active field. 

R,K.M. 


Green's Functions for Solid State Physicists 

By S. Doniaoh and E. H. Sondheimer. W. A. Benjamin Inc., 

pp. 226, $ 12 00. 

The Green’s function technique has recently become the most powerful technique 
in manybody problem. There are few books on this subject notably that of 
Abrikosov and Kadanoff which deal mainly with the mathematical aspects of 
the subject with a few applications. But in solid state physics, specially for 
the disordered system whether one deals with lattice dynamics, energy bands 
or magnetism, the Green’s function method has become the darling of the theore- 
tical physicists. And therefore, this book of Doniach and Sondheimer is a 
welcome addition to the theoretical solid state physicists. 

The book starts with an example of lattice in the Harmonic Oscillator and 
the authors develop most of the preliminary results of the Green’s function 
through this example. His development of the temperature Green’s function, 
although very concise, is really very lucid. The chapters on the anharmonicity 
and electrons in the presence of many impurities and on magnetism are well 
written, but the main drawback is their compactness which may be suitable for 
readers who have already some knowledge of Green’s function theory. In short 
the book, although deals only with few subjects, is well written and is very 
suitable for readers (having already a little knowledge of the Green’s function’s 
method) who want to learn h,ow to* apply Green’s function method to the Solid 
State theory. 
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Integrated Optics 

Edited by T. Tamir, Springor-Verlag Berlia Heidelberg, New York, 
1976, pp. XI+315 $ 32-80. 

^0 Integrated O^ics is the seventh volume of a serioH of publications on Topics 
in Allied Physics. This now tochnolo^ is the outcome of researches in various 
scientific disciplines and is still in developing stage. Integrated Optics may 
be called the miniature counterpart of microwave device and when properly 
developed, it may open immense posaibilitioa in communications at optical 
frequencies. No doubt, the discovery dif laser h.as given a vigorous impetus for 
fast developing of this technology. 

This monograph consists of six ch.i|pters contributed by five authors. The 
introductory chapter gives a historical sttrvey of tl>.e development of this techno- 
logy during the last fifteen years with j^s immediate and future prospects. In 
the second chapter is given, in detail, the theory oi dielectric thin film wave 
guide which is the backbone of optical communications. Chapter 3, discusses 
the design and construction of passive components like prism and grating couplers 
which are required to couple tlie laser beam to th,e thin film wave guides. The 
active components like modulation, switches, ph.otodetection etc. have boon 
discussed in Chapter 4. Modulation of light waves has been considered from 
two view points : (i) variation of intensity, phase, polarization and frequency, 
(ii) modulation effected l)y electro optic, magneto optic and acousto optic 
processes. B«lativo merit of both, the methods have boon compared. In 
Chapter 6, the various methods (Sputtering, plasma polymerization, spinning 
and dipping, etc.) of film depositions on substrates for th,e fabrication of passive 
structure from amorphous materials, have boon described. The importance 
of semiconductors for fabrication of various components for totally integrated 
optics has been discussed in detail m Chapter 6. GaAs has boon found to bo 
the only semiconductor in which all the functions of light generation, guiding, 
coupling, modulation and detection are iiossiblo. It is h.opcd that GaAs will 
play in integrated optica the same role that silicon does in integrated electronics. 

Each chapter is followed by large number of upto date references. 

The monograph will bo particularly useful to research workers in thin film 
optios, microelectronics semiconductors, communication engineering etc. 


8.BM. 
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Essential Relativity 

By W. Rindler, Springer- Verlag, 2nd Edition, 1977, pp. 284, Price 
$ 29-80. 

The speciail and the general theory of relativity as well as the application of the 
general theory of relativity to the cosmological problem constitute the subject 
matter of the book. The treatment is lucid and at many points there are illumi- 
nating the critical discussions. The book will surely be of help to students taking 
up relevant courses. 

The author si:>ell out the i)uri^oso of the book as to make relativity com,e alive 
concepivully. Perhaps he lias succeeded in doing this to a considerable degree. 
The reviewer however wonders whether this is an objective fit to be aimed at. 
After all our concepts are largely derived from our macroscopic world experience 
and very often carry the imprint of newtonian physics and euclidean geometry. 
To cite an example, a conceptual picture of Riemannian geometry in terms of 
the geometry of two dimensional surfaces is apt to lead to the not very welcome 
ideal that the curvature implied the existence of additional dimensions. Instances 
may bo multiplied and one may feel that in many spheres of modern physics, 
it is better not to emphasise on conceptions. 

It is ratlior unfortunate that there is no consideration of the deduction of 
field equations from a Variational principle. In a book published in 1977, one 
misses also any mention of taohyons and superlight velocities. 

On the whole however the book is a welcome addition to the literatuie on 
the subject at the student level. 

A.KM, 

Solid State Laser Engineering 
Vol. 1, by W. Koechner. 

The book as the name suggests us mainly directed to the practicing scientist 
or engineer who is interested in the design or use of solid state lasers. 

Chapter 1 of the book discuss the fundamental concepts. Second chapter 
deals with the properties of most important solid-state laser mediums t.e., Ruby, 
Nd : YA6; Nd : Glass. Third and fourth chapter discuss the regenerative laser 
oscillator and amplifier and contain many useful graphs and tables useful to 
the designer. In chapters 5, 6, 7 optical resonator, pump-system and heat 
removal system are discussed. Chapters 8, 9, 10 describes how the laser output 
may be changed in power, frequency and pulsowidth by ©-switching. Non- 
linear devices and mode-locking. 

Chapter 11 discusses the design of different lasers used in different applica- 
tion. Finally Chapter 12 gives the information that is useful to prevent the 
damage of the optical components. 

The subject matter is presented clearly and is particularly useful to the 

student of laser physics who are interested also in designing the laser. 

R.KM. 
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Table of Laser in lines Oases and Vapours 

By R. Bock, W. English aaid K. Gurrs. 

This catalog contains 4347 laser lines in gaises and vapoius roi)ortod up to April 
1977, along with the operating conditions under which omission has been achieved. 
This complete listing will save the time of worker active in this field in finding 
the laser Unos of his interest. 

R.K.M. 


Interplanetary Dust and ZoMacal Light 

Lecture Notes in Physics, 48. Edited by H. Elsasser and H. Fechitig, 
(Springer-Vorlag, Berlin) 1976, p- 493. 

This volume containing Procoodinga of the International Aatronomical IJjuon 
Colloquium No. 31 at Heidelberg between June 10 and 13, 1975, can be un- 
reservedly recommended to all those working in the areas related to interpiano- 

tary dust and zodiacal light. 

The section on zodiacal liglvt lias 19 papers devoted to observations from 
space, demonstrating the great advances made in observing techniques of t xe 
phenomonou which could not bo observed witli sufficient accuracy from he 
mountain-based stations. Other important topics covered include the measure- 
ments of interplanetary dust from satellites and space probes, the propertxi^ 
rcLtaiy dL, the relationship between interplanetary dust and mehior . 
The theoreLal problems relating to the physical properties and 

„n„.«rpL«..ry u,goa.or with U.. dyn™. of d,... .n, 

covered in a number of papers. 

One of the important results to emerge from tlie colloquium was the density 

" Proedmg. th.. »bi.ot I. higWy ..ti™ »d .W. 

more "A^irproviL some clues about the origin 

Z VO.- .. 

h.vm* m . Ubr«y wMA «•»» lo' 

S.M.C. 
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Dynamics of Solids and Liquids hy Neutron Scattering 

Edited by S. W. Loveaey aotid T. Springer, PubKshed by Springer- 

Verlag (Topics in Current Physics, Vol. 3), Berlin 1977. 

The book under review, covering various aspects of research in condensed systems 
using inelastic neutron scattering, has come to be written almost 15 years since 
the publication of an earlier book entitled Thermal Neutron Scattering edited 
by P. A. Egelstaff. The latter book dealt with vao^ious aspects of neutron 
scattering and served to introduce basic techniques and theory of neutron 
scattering with application to solids, liquids, moleculao* systems and magnetic 
materials. Higher fluxes in several reactors in United States and Western Europe, 
combined with improved instrumentation and new techniques have made it 
possible to look at subtler and now phenomena in a variety of systems. The 
number of researchers in the West has enormously increased. The periodic 
International Atomic Energy Agency Conferences on Neutron Scattering and 
recent meetings like the Gatlinburg conference on “Neutron Scattering” and 
Potten meeting on “New Techniques in Neutron Diffraction” have all brought 
out a large amount of now information. It is therefore appropriate that review 
books summarising topics covered by such meetings and other publications be 
written periodically. 

There are six review articles in the book each written by exports in the field. 
To back it all up, there is a comprehensive ‘Introduction' by S. L. Lovesey. 
Ono may say that this introduction is an abridged version of the excellent book 
‘Theory of Thermal Neutron Scattering’ by W. Marshall and S. L. Lovesey. 
Based on certain master equations, the chapter deals with various aspects of 
neutron scattering bringing under i)orview concepts such as correlation functions, 
phonons, magnetic excitations etc. This chapter helps to link the various other 
chapters together. 

During the last ten years or so, the high fl:ux reactors at Brookhaven National 
Laboratory (BNL), USA and Oak Ridge National Laboratory (ORNL), USA 
have been utilised very successfully in obtaining rich information on lattice 
dynamical aspects. In addition to conventional lattice dynamical studies in 
complex crystals like mitile, studies relating to soft modes and to phonon anoma- 
lies have been of major interest. The chapter on ‘Phonons’ by H. G. Smith and 
N. Wakabaya^i deals mostly with the work from ORNL in superconducting 
materials like the transition metal cai bides and related compounds, layered 
compounds like graphite, M 0 S 2 etc. It would have been appropriate to include 
the recent interesting work on low concentration defect modes and the extensive 
work on the quaai-one-dimensional systems KCP, TTF-TCNQ etc., where both 
BNL and ORNL have made notable contributions. Although the review 
covers experiments in which the authors have had a part, notably work originat- 
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ing in other research centres is womewhat 
not extensive. 


not covered and hence the review is 


Tho next chapter on ‘Phonona and Structural Please Tranaitiona’ by B. 
Domer and R. Cornea ia a useful chapter wherein certain basic concepts are dis- 
cuaaed and illustrated with sititablo examples. This chapter, I believe, is not 
meant to bo an exlxauative roviow. Correlation of intensity of scattering to 
tho dimensionality of tho scattering system is highlighted. Description of X-ray 
and neutron scattering techniques discussed in this chapter could have formed 
part of Introduction’ as there ia a certain amount of commonnoas with the other 
chapters also. 

It is but natural tliat ono recollects the various NATO school proceedings 
and other books published recently while coinmoniing on those two chapters. 
Soft Modes in Forrooloctrics and Anttforrooloctrics’, ‘Structural Phase Transi- 
tions and Soft Modes , ‘Anharmonic Lattices, Structural Transitions and Molting*, 
Dynamical Properties of Solids’ Vol. T and II etc. are some of them. Those two 
chapters under review would but touch the fringe of the developments in tho 
subject discussi^d in th(^se books. 

J, W. White discusses in the ch.aptfW devoted to ‘Dynamics of Molecular 
Crystals. Polymers and Adsorpod Species*, the nature of information obtained 
by ineohorent scattering in a variety of polymers, molecular systems and adsorbed 
sjMKues on variotis substrates. Study of adsorbed species are carried out by 
experiments, — still in their infancy — , which are rather difficult owing to tho 
penetration of neutrons into tho substrate and tho resulting scattoiing. This 
chapter serves as an introduction to researchers in study of various disciplines 
like catalysis, iihysisorption etc. involving surface phenomena. Both structural 
and dynamical information can bo derived and this is illustrated with examples 
from recent studios. 

T. Springer discusses In a chapter entitled ‘Molecular Motion and diffusion 
in solids, in particular Hydrogen in metals’, tho problem of diffusion of hydrogen 
in metals and alloys, rotational motions of hydrogeneous molecules like CH3+ 
and NH4+ in solids and of rotation and diffusion of molecules in liquid»s and 
liquid crystals. Those studies are based on quasi-olastic neutron scattering 
into small energy changes in tho range of to 10~®/4oV. This chapter may 
be considered a companion to the treatise on *Quasi-o]ectric Neutron Scattering 
for Investigation of Diffusional Motion in Solids and Liquids’ by T. Springer. 
Studios involving hydrogen in concentration range of 1% or loss need high flux 
neutron sources. However, the other studies can be conveniently carried out 
in medium flux reactors. High resolution back scattering experiments have 
revealed quantum tunnelling transitions in the range of a few /wV. Several 
iUuatrative examples are provided. 
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E. D. Mountain’s 80*11016 on ‘Gollectivo Modes in Classical Monoatomio 
Liquids' is thoorotioally biased. Coherent neutron scattering studies and com- 
puter simulation provide information on collective modes. In this chapter 
the author reviews various theoretical approaches like the memory function 
rilodels, conventional and general hydrodsmamics to the study of correlated 
motions in liquids. Experimental data on the liquids helium, neon, argon and 
rubidium are discussed in relation to these theoretical models. 

The last article by S. W. Lovesey and J. M. Loveluck is devoted to magnetic 
scattering. As the authors themselves have pointed out this chapter is of very 
restricted nature as far as inelastic magnetic neutron scattering is conceimed. 
Brief discussions of magnons in ionic sj^stems, quasi-ono dimensional systems, 
layered magnetic systems, metals etc. are outlined. It is hoped that a book 
on neutron scattering from magnetic systems will bo forthcoming to do justice 
to this vast field. 

To conclude, the overall impression is that the book is well written by com- 
petent experts in various fields where neutron scattering has contributed to our 
understanding of the solid state and liquid state syatoms. The chapters, al- 
though written by different authors, have adequate coherence. The book gives 
an over-view of the state of the art to a beginner and an active researcher. To 
provide further information, the chapters are provided with sufficient references 
to other theoretical and experimental papers. In these days of exploding 
information and rapid obsolescence such ventures are necessary, useful and 
therefore welcome; the publishers and the editors deserve a word of appreciation. 


K.R.B. 
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Ultrashort Light Pulses : Picosecond Texhniq'im and Applications 
(Topics in Advanced PhyaicB, Volume 18), Edited hy S. L. Shapiro, 
Springer- Verlag : Berlin, Heidelberg, New York, 1977. 

Thia la an excellent book to be commended to every scientist interested in direct 
temporal studies of extremely rapid events. UItraal\ort light pulses have now 
become a basic research tool in physics, chemistry and biology. Many funda- 
mental processes as free decay of molectdar vibrations and orientational fluctua- 
tion in liquids, phonon decay and cxciton migration in solids, growth and decay 
of plasmas in gases and solids, various ii^nnoleciilar transfer and intramolecular 
relaxation processes have bc^on and arc being studied by pico-second light pulses 
together with ultrafast optical and olootronic devices. Ultrashort pulses and 
their interaction with matter will, no ^oiibt, remain a front ies area in scionct^ 
and technology for many years to corner Publication of this volume at tlxis lime 
is therefore most welcome. 

The book begins with an inti’oduction by Shapiro who first gives a historical 
overview of the arts and sciences of measuring brief time iiitcrval and then dis- 
cusses the origin of picosecond techniques and their advantages. Following this 
overview^ Brodley in th,o second chapter describe svarious methods of ultra- 
short pulse generation and their moasuremont. This is a well written chapter. 
Various modolockod lasers are dosoribod and important measurements on the 
saturable absorbers are analysed in terms of laser operation. Techniques for 
producing pulses at other frequencies by harmonic generation is discussed. In 
the following chapter Ij^pen and Shank describe picosecond detection techniques. 
In the first half of this chapter they discuss measurement of pulse characteristics 
and emphasize that a combination of nonlinear correlation it^chniques can pro- 
vide reliable information about the duration, shape and dynamic spectral be- 
haviour of picosecond laser pulses. In the latter past Ippen and Shank describe 
various techniques for measuring picosecond events. Pump and probe techni- 
que, time resolved technique with, continuously operated systems, light gating 
techniques and streak camera technique are described in detail. 

In the fourth chapter Auston makes a point of discussing picosecond non- 
linear optics and handles them with masterly expertise. The power available 
from modelocked laser^s and laser amplifier system makes many higher order 
nonlinear effects observable. This discussion of transient stimulated Raman 
scattering and transient self focussing is excellent. Discussion of device applica- 
tion, particularly picosecond electronics, is captivating. His handling of other 
nonlineaiT effects is generally well. 

The last three chapters are on the appUcation of ultraahort light pulses for 
understanding vsirious rapid processes in Physics, Chemistry and Biology, 
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Tn von-der -Linde’s chapter, measuroment»s of decays of exoitons, phonons, 
polaritons, plasmas, molecular vibrations and coherent phenomena are des- 
cribed. Modelocked laser pulses, unlike traditional infrared and Baman Spectro- 
scopy, permit novel and direct information of vibrational relaxation. Ultraf^t 
light pulse experiments also have led to information on diffusion, conduction 
and recombination processes is veiy dense electron-hole plasma. Picosecond 
techniques eliminate competing prooossoa and yield quantitative values of multi- 
photon absorption cross section and true multiphoton spectra. Interesting 
picosecond excitation experiments regarding excitonic molecules and Bose 
condensation of such molecules have been discussed and importances of further 
work in this field stressed. 

In chapter 6, Eiaemthal has presented a very carefully written review on 
picosecond relaxation processes in Chemistry. With the advent of ultrafast 
light pulses, a revolutionary breakthrough has occitrred in the investigation of 
ultrafast molecular processes. In this review Eisenthal has discussed the rapid 
processes through wJiich a molecule on excitation to some excited state dissipates 
its energy. He has successfully covered wide spectrum of molecular processes 
like intermolocular singlet-singlet and triplet-triplet energy transfer; molecular 
orientational relaxation in liquids resulting in Opti(*al Kerr effect, induced di- 
chroism and transient grating; photo dissociation and th(^ cage effect in liquids. 
He has also reviewed recent works on election transfer phenomena like electron 
photoojection and solvations excited state charge transfer and internal conver- 
sion and intersystem crossing. 

In a complex biosystem such as photosynthetic apparatus, close proximity 
of molecules leads to rapid excition transfer. Eapid rearrangement of molecular 
side chain or the molecule itself is often the part of a biophysical process. Pico- 
second measurement therefore are expected to find wide application in many areas 
of life sciences. In the concluding chapter, Compillo and Shapiro have reviewed 
the recent picosecond relaxation measurements in this interesting field of science. 
We now know that rhodopsion, a protein involved in visual perception, on light 
absorption forms one of the intermediate species prelumirhodopsin in less than 
6 ps., also in the reaction center of the primary step in photosynthesis possibly 
occurs within 10 ps. The possibility of picosecond experiment in biology is 
immense and a rapid expansion of effort in this direction is expected. 

Thus one finds that almost the whole of frontier area of picosecond pulse 
research is covered making this an outstanding book. The totality of coverage 
provide plenty of interesting reading and an invaluable reference source. The 
high standard of the book’s production make it an extremely satisfying volume. 
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Esaentiah of Computer Programming in Fortran IV 

By N. N. Biawa,a, Radiant Books, Baaigalore 660006, India, pp. 

xii+125, Prico Ra. 16/- (1976). 


The need of computer^ for overall progroaa of a nation is now well recognized. 

In this context computer programming has assumed groat importance. A number 
of books written on the subject are often found not very suitable for a boginnw 
who wants to learn programming in a short span ot time by sedf-study. In this 
respect the above book is much woloomJ^. 

Tho book, based on fBM 360 comjittters, is woll-writton m a short volume. 

It consists of 9 clmpters : Number Rofroscntatioii, Arithmetic Oporatums and 
Expressions, Relational Operators and Logical Expressions, ^«img an 
Printing, Arrays, Control and Decision fetatciuonts, Tho DO Loop, u iprogram 
md IUu.tp.t«i Program., Tho ot ...mpator progr.mmmB to Portt» 

IV la.™ aro illustratod to a .impU. «d »»t»l .‘y too'-eW 

wWoh aro W «.d to tto, poiot tvilh .o..u. toton.ttog ««mpta 

Plow Chart Mathematical Function Suhptogtanw. and UK.tol Pmm. S 

in the 3 appcndicc. wiii ho found to 1,„ hoiptoi in writmg a^^- 
In fact tho lK»t, which i. .,uitc inorp<.».ivo, will *rv. a. a guulo to. hegmno... 

A low word, .nay te added for further improvomont of tho hook. The 

meaning of tho word Fortran may to. cmpha.tol in co.n.ootion w.th I''#''”' ^ > 
mf.aning o ^ ^ Subpr.>grams it needs to bo 

languages discussed m p. o- 53. ; ,>ftcn called as Sub- 

montioned th.at Subroutmes aic -o^, function 

routine Subpr<|granis. Hence m p. the Mathematical 

bof.ire tho word subprogram. Tt s wortlu Inunctions. 

Function Subprograms (m given at tho end of each 

Tho solutions of some t • P misprints) crept 

chapter may be supplied at 21 ONT. in p. 29, COBAL in 

in through oversight, such as ALG ^ ^ of sentences iu 

p. 52, A(26) etc. in p. 98 u m p. 107. ‘^rb^oorroctod. finally, tho quaUty 

of 1 ^per printing may to improvml to .omo ontont. 


8.C.S. 
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Progress in EleotWhO^ks 

Edited by Ezio Oaimatini (Plenum Press, New York and London), 
pp. i-xiii, 1-213, ten chapters. 

This volume contains articles on recent developments in the field of electro* 
optics by well-known workers. The topics examined may bo broadly subdivided 
into three sectors ; (1) Types of display devices, (2) circuit techniques and 
(3) display module costs. 

In the first chapter a brief account of the historical development of electro- 
optics is given by A. Kastler. In the second chapter 0. S. Heavens discusses 
some fundamentals of electro-optics like propagation in isotropic, anisotropic 
and gyrotropic media, Pockels effect, Kerr effect and several non-linear optical 
phenomena. Some new developments in hologram are reviewed by W. E. Koch 
in the third chapter. The topics include radar range acquisition by holography, 
use of incoherent radiation in hologram radar and parallel processing aspects 
of synthetic aperture technique. In the forth chapter on Holography by Shadow 
Casting, H. J. Culfield discusses the present state of the art of coded aperture 
imagmg and surveys some possible problems for future research- In the two 
following chapters C. H. Grooch describes techniques of displaying information 
based on liquid-crystal electro-optical phenomena and light-emitting diodes. 
The possibilities of applications of gas discharge devices for data displays form 
the subject of chapter seven written by G. F. Weston, while the present state of 
the digital laser beam deflection technique for alphanuraorie and graphic displays 
is dealt with by U. J. Schmidt in chapter eight. Methods of deposition of 
thin films, which are useful components in electro-optical devices, are described 
in chapter nine by E. Ritter, who also discusses properties of thin film and their 
applications in displays. In the last chapter, P. B. Pago deals with different 
aspects of display device circuits and their impact on system economics. 

At the end of each chapter a large number of up to date references are given. 
The wide and neat coverage of the topics will bo very useful to research workers 
in this field of great current interest. 





